Rice Blast Disease in the U.S. and Africa: Determination of Pathogen Diversity and the Identification of Resistance Genes for Disease Management by Rotich, Felix
University of Arkansas, Fayetteville
ScholarWorks@UARK
Theses and Dissertations
12-2015
Rice Blast Disease in the U.S. and Africa:
Determination of Pathogen Diversity and the
Identification of Resistance Genes for Disease
Management
Felix Rotich
University of Arkansas, Fayetteville
Follow this and additional works at: http://scholarworks.uark.edu/etd
Part of the Botany Commons, and the Plant Pathology Commons
This Dissertation is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for inclusion in Theses and Dissertations by
an authorized administrator of ScholarWorks@UARK. For more information, please contact scholar@uark.edu.
Recommended Citation
Rotich, Felix, "Rice Blast Disease in the U.S. and Africa: Determination of Pathogen Diversity and the Identification of Resistance
Genes for Disease Management" (2015). Theses and Dissertations. 1391.
http://scholarworks.uark.edu/etd/1391
  
Rice Blast Disease in the U.S. and Africa: Determination of Pathogen Diversity and the 
Identification of Resistance Genes for Disease Management 
 
 
A dissertation submitted in partial fulfillment  
of the requirements for the degree of 
Doctor of Philosophy in Plant Sciences 
 
 
By 
 
 
Felix Rotich 
 
 
Moi University 
Bachelor of Science in Horticulture, 2005 
Moi University 
Master of Philosophy in Horticulture, 2009 
 
 
 
December 2015 
University of Arkansas 
 
This dissertation is approved for recommendation to the graduate council 
 
 
 
 
Dr. Jim Correll 
Dissertation director 
 
 
 
 
Dr. Burt Bluhm     Dr. John Clark 
Committee member     Committee member 
 
 
 
 
Dr. Yulin Jia      Dr. Yeshi Wamishe 
Committee member     Ex-Officio member
  
Abstract 
Rice blast caused by Magnaporthe oryzae (= Pyricularia oryzae) B. Couch, is a leading 
disease of rice. Magnaporthe oryzae exhibits a high degree of diversity. The diversity of isolates 
of M. oryzae from Africa and the U.S. were examined using vegetative compatibility and 
virulence phenotyping as well as determination of variation in the avirulence gene AVRPiz-t in 
isolates from Africa. Also, evaluation of blast resistance genes in the interspecific rice 
germplasm “New Rice for Africa” NERICA was done using F2 progeny of the cross of U.S. 
susceptible cultivar M204 and NERICA 12. The U.S. isolates were in three vegetative 
compatibility groups (VCGs), whereas isolates from Africa were in one to four VCGs that were 
unique to each country. Among isolates from the U.S, four pathotypes were distinguished based 
on differentials with the CO39 genetic background whereas 10 were distinguished based on the 
differentials with the LTH background. The R gene Pi9 was the most effective against isolates 
from both Africa and the U.S. Also, interspecific rice cultivars were highly resistant against 
isolates from both the U.S. and Africa. No single genotype or R gene was effective against all 
isolates from both Africa and the U.S. Blast control in the U.S could be achieved by 
introgression of Pi9 and Pi11 into rice cultivars. In West Africa, blast control could be achieved 
by introgressing Pi9, Pita2 and Pik-m into the rice cultivar F6-36. Alternatively, Pi9, Pik-s and 
Pik-m, could be introgressed into the rice cultivar FKR62N. For blast control in East Africa, one 
could introgress Pi9 into NERICA 12 or Pi9 and Piz-5 into NERICA 2. Variation in 10 of the 70 
open reading frame (ORF) sequences of AVRPiz-t examined were observed. From the ORF 
sequences eleven haplotypes were observed with one haplotype comprising 86% of both virulent 
and avirulent isolates. Six virulent isolates had single nucleotide substitutions, insertions or 
deletions which altered the amino acid sequences of the ORF that could have caused isolates to 
  
be virulent. Based on PCR markers, two R genes, Pib and Pita2 were found in NERICA 12, but 
NERICA 12 could possibly contain other R genes.  
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Chapter I: Introduction 
Rice (Oryzae sativa L.) is an important food crop to more than half of the world’s 
population. Rice in the U.S. is mainly produced in six states (Arkansas, California, Louisiana, 
Mississippi, Missouri and Texas) in large scale production and under irrigation. Whereas the 
U.S. produces less than 1% of acreage of the global rice, U.S. rice constitutes more than 10% of 
the global export market by volume making the U.S. among the top five rice exporters in the 
world (Childs 2014). Arkansas is the leading rice producing state in the U.S., contributing about 
51% of the country’s total rice by volume in 2014 (http://www.nass.usda.gov/). 
In Africa, rice is a staple food in many of the Western African countries and Madagascar 
and consumption of rice in the rest of Africa has steadily been increasing (Balasubramanian et al. 
2007). Overall, there has been a projected annual increase of 6% in rice consumption in Sub-
Saharan Africa due to changes in the food preferences and improved food security (Liu et al. 
2010). To bridge the demand gap in Africa, programs have been initiated that are aimed at 
increasing the intensification and expansion of rice production. Some of the rice intensification 
strategies that have been adopted include the introduction of high-yielding rice cultivars and use 
of higher quantities of fertilizers. Also expansion of area under rice production to new ecological 
zones such as upland ecologies has been undertaken (Balasubramanian et al. 2007). 
Rice blast disease, caused by the filamentous ascomycete fungus Magnaporthe oryzae 
(=Pyricularia oryzae) B. Couch, is among the leading diseases of rice in most of the rice 
growing regions of the world (Talbot 2003). Rice blast disease in the U.S. has been reported in 
all the rice growing areas (Greer and Webster 2001;  Lee 1994;  Marchetti et al. 1976). Rice blast 
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disease is sporadic but could cause massive losses whenever conditions for disease development 
are conducive. In the U.S., there have been more recent reports of isolates of M. oryzae that have 
overcome one of the most effective R genes, Pita (Zhou et al. 2007). Because of the high 
variability in M. oryzae, deployed resistance genes are overcome by the pathogen in as low as 
two years after deployment. Thus, there is need to continually monitor the genotypic and 
pathotype diversity of the pathogen in a given region. 
In Africa, rice blast is a widespread and destructive disease that can result in yield losses 
of up to 100% (Séré et al. 2011). As the rice intensification and expansion continue in Africa, 
rice is now being cultivated in new environments. Among the ecologies that have recently been 
utilized in the production of rice in Africa are the non-irrigated upland environments which are 
prone to rice blast disease. Adoption of high-yielding rice cultivars and the use of high fertilizer 
rates have also been widely adopted in Africa. As a whole, these agronomic practices aggravate 
the blast disease problem. Rice blast disease in Africa will therefore continue to be a leading 
constraint to rice production and will limit efforts aimed at increasing rice productivity (Odjo et 
al. 2014).   
Magnaporthe oryzae, displays a high degree of genotypic and phenotypic variability (Ou 
1985;  Zeigler et al. 1994). The variability in this fungus is attributable to random mutations, 
asexual recombination and genetic drifts (Zeigler 1998). The variability in M. oryzae has been a 
subject of many studies worldwide (Chen et al. 1995;  Correa-Victoria and Zeigler 1993;  Correll 
et al. 2000;  Kumar et al. 1999.;  Levy et al. 1993;  Levy et al. 1991;  Roumen et al. 1997;  Xia et 
al. 1993;  Xia et al. 2000;  Zeigler et al. 1994). Some of the methods that are used in fungal 
diversity studies include pathotype assay, mating type determination, isozyme polymorphism and 
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use of DNA technology. Some of the above-mentioned techniques have been utilized in            
M. oryzae phenotypic and genotypic studies in the USA (Correll et al. 2000;  Xia et al. 1993).  
Virulence characterization of M. oryzae is normally performed using rice differentials 
which could be commercial cultivars or monogenic or near isogenic lines that contain single or 
multiple numbers of resistance (R) genes. This system groups the blast pathogen into different 
pathotypes/races based on the isolate’s virulence on a given set of differentials. Recently, 
International Rice Research Institute (IRRI) developed rice differential cultivars that cover a total 
of 24 R genes (Kobayashi et al. 2007;  Tsunematsu et al. 2000). These IRRI differentials have 
been adopted worldwide for the determination of pathotype diversity in the rice blast pathogen. 
Studies to determine pathotype diversity of M. oryzae have reported the presence of variable 
numbers of pathotypes of the pathogen. For instance, in the Philippines, 250 races of the 
pathogen have been reported (Ou 1985) whereas in the U.S., only 10 races have been reported  
(Correll et al. 2009;  Dai et al. 2010).  In Africa, the pathotypes found in Benin, Burkina Faso 
and Ghana were four, 12 and 20 respectively (Koide et al. 2011;  Nutsugah et al. 2008;  Sere et 
al. 2007). However, it should be noted that different sets of differential cultivars were used in all 
these studies; hence it is difficult to compare pathotypes/races across countries.  
Vegetative compatibility grouping (VCG) is a technique that has been used to describe 
genetic relationships within fungal species (Correll et al. 2000;  Cortesi and Milgroom 1998;  
Cortesi et al. 1996;  Glass et al. 2000;  Leslie 1993). Determination of VCGs among isolates is 
based on the ability of genetically related fungal strains to anastomose to form stable 
heterokaryons, a trait that is controlled by multiple unlinked loci. As a result, VCG information 
can be correlated with genetic affinity, other traits such as host specificity, geographic 
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distribution, and both spatial and temporal distribution of the fungal population (Jo et al. 2008). 
Vegetative incompatibility has been observed in the U.S. isolates of M. oryzae; hence VCG has 
been a useful technique in characterization of the M. oryzae population in the U.S. (Correll et al. 
2009;  Correll et al. 2000). The U.S. isolates of M. oryzae can be assigned to one of four VCGs 
(US-01, US-02, US-03 and US-04) that exist in the U.S. population of M. oryzae (Correll et al. 
2000). Additionally, Correll et al. 2000 reported a perfect correspondence between the molecular 
marker, MGR586 fingerprint groups, and VCGs among the U.S. M. oryzae population. Limited 
studies in Africa have characterized M. oryzae using VCGs except one study in which isolates of 
M. oryzae of Egypt were placed into four VCGs (El-washs et al. 2013). 
The use of host resistance for blast has been advocated to be the most economical and 
effective management option. Host resistance is especially useful where farmers lack resources 
and knowledge to use other blast control strategies. Blast resistant rice cultivars contain major R 
genes (Pi for Pyricularia) that protect the resistant cultivars from specific pathotypes of the 
pathogen. The interaction between the rice R gene and the rice blast pathogen’s avirulence (AVR) 
gene is a typical gene for gene system (Flor 1971;  Silué et al. 1992) where the pathogen’s AVR 
gene interacts with a corresponding rice R gene (Silué et al. 1992;  Zeigler et al. 1994) to confer 
resistance to the host. So far, about 99 R genes (Wang et al. 2014) have been identified and some 
of them have been utilized in rice blast resistance breeding programs (Berruyer et al. 2003;  
Causse et al. 1994;  Fukuoka and Okuna 2001;  Fukuta et al. 2004;  Gowda et al. 2006;  Jueng et 
al. 2007;  Liu et al. 2007;  Liu et al. 2005;  Nagato and Yoshimori 1998;  Nguyen et al. 2006;  
Pan et al. 2003;  Wang et al. 1994;  Yang et al. 2001). 
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The R gene Piz-t is known to confer broad-based resistance to multiple strains of            
M. oryzae and has been mapped to the centromere of chromosome six (Hayashi et al. 2004;  Liu 
et al. 2002). Clustered together with Piz-t within 100-kb region in chromosome six are two other 
R genes, Pi2 and Pi9 (Liu et al. 2010). Piz-t encodes a nucleotide-binding site, leucine-rich 
repeat (NBS-LRR) protein to confer resistance against AVRPiz-t containing blast isolates (Zhou 
et al. 2006).   
Avirulence genes of M. oryzae have been widely characterized out of which nine have 
been cloned. Among the cloned AVRs are AVRPita, AVRCO39, PWL1, PWL2, ACE1, 
AVRPik/km/kp, AVRPia, AVRPii, and AVRPiz-t. (Farman and Leong 1998;  Fudal et al. 2005;  
Kang et al. 1995;  Li et al. 2009;  Orbach et al. 2000;  Sweigard et al. 1995). The corresponding 
M. oryzae AVR gene to Piz-t, AVRPiz-t expresses a 108-amino acid protein that targets the N-
terminus of Piz-t (Park et al. 2012). The protein secreted by AVRPiz-t increases susceptibility of 
Piz-t -lacking plants by suppressing early defense responses such as the production of flg22 and a 
chitin-triggered increase in reactive oxygen species (Li et al. 2009;  Park et al. 2012). Although 
host resistance conferred by R genes is effective against blast isolates with a corresponding AVR 
gene, the long-term utility of rice R genes are limited by the instability of AVR genes. The 
instability in AVR genes convert avirulent isolates to virulent through mutations, insertions, 
substitutions or transposable elements that occur within an AVR gene. Studies on AVRPiz-t 
sequences of isolates of M. oryzae from 38 countries reported that the AVRPiz-t region has been 
undergoing positive selection (Chen et al. 2014). Other studies have associated AVRPiz-t with 
high frequency of transposable elements (TEs) in its promoter region as well as variation in the 
coding region which may be responsible for the conversion of avirulent isolates to virulent (Chen 
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et al. 2014;  Li et al. 2012). The high variability in AVRPiz-t could have some bearing on the use 
and subsequent durability of Piz-t. 
Pathogen population structure information is essential for developing strategies to 
increase the durability of deployed host resistance genes (Xia et al. 2000). The objectives of this 
study were to; (1) Characterize U.S. isolates of M. oryzae genotypically and phenotypically, (2) 
Characterize African isolates of M. oryzae genotypically and phenotypically and, (3) Determine 
the variations in the avirulence gene AVRPiz-t in the isolates of M. oryzae from Africa and, (4) 
identification of resistance factors in NERICA 12. 
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Chapter II: Determination of the genotypic and the virulence variability of Magnaporthe 
oryzae in the U.S.  
Abstract 
To facilitate assessment of the effectiveness of major gene resistance in the rice blast 
pathosystem, the International Rice Research Institute (IRRI) developed monogenic and near-
isogenic differential lines (NILs) each selected to contain a putative single major resistance gene. 
The IRRI differentials were used, along with five U.S. rice cultivars and four “New Rice for Africa” 
(NERICA) lines, to characterize pathogenicity of 45 reference, archived, and contemporary U.S. 
isolates of the rice blast pathogen in greenhouse assays. Isolates of M. oryzae of the U.S. collected 
during the years 2012 to 2014 were also genotyped by the use of vegetative compatibility grouping 
(VCG). Subsequently, 10 isolates each from the two predominant VCGs (US-01 and US-04) were 
tested for their virulence on seven commercial rice cultivars from the U.S. Differential lines on the 
CO39 background grouped isolates into five virulence groups while differentials on LTH 
background grouped isolates into 10 virulence groups. Unexpectedly, the universally susceptible 
cultivars CO39 and LTH, used to develop the monogenic NILs, were resistant to some of the 
isolates, indicating the presence of some resistance genes. The R genes Pi9(t), Pi11(t), Pib, Pi12(t), 
and Pita2 were the most effective with incompatible reactions of 98%, 96%, 96% 93% and 93% 
respectively, while the least effective R genes were Pik-p (22%) and Pik-s (22%). NERICA lines 
were highly effective being resistant to 93 to 98% of the isolates examined. None of the 24 R genes 
evaluated were effective against all 45 isolates tested. The most predominant isolates collected in 
the years 2012 to 2014 were in the VCG US-01 277 (66%) followed by isolates in the VCG US-04 
140 (31%). Rice cultivar Mermentau was the most resistant commercial cultivar with a mean 
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disease score of 1.2. Effective management of rice blast disease in the U.S. could be achieved 
through pyramiding of the most effective R genes such as Pi9 and Pi11 into rice cultivars. 
Resistance of NERICA could be harnessed and utilized in blast protection of U.S. cultivars. The 
differentials used in this study are promising tools for the analysis of M. oryzae pathogen 
populations in the U.S. 
Introduction 
Rice (Oryza sativa L.) is an important food and commercial crop worldwide. Production 
of rice is constrained by diseases including rice blast, caused by Magnaporthe oryzae B. Couch 
(Khush and Jena 2009). In the U.S., rice blast has been reported in all the rice producing states 
(Greer and Webster 2001;  Lee 1994;  Marchetti et al. 1976). The most economical way to 
control rice blast is by the use of  resistant cultivars (Bonman et al. 1992).  
Resistance to rice blast disease is mainly qualitative, controlled by numerous major genes 
which act in a gene-for-gene manner whereby there is an avirulence gene in the pathogen which 
interacts with a corresponding resistance gene in the host  (Silué et al. 1992). Qualitative 
resistance is characterized by frequent loss of resistance occurring mainly due to changes in the 
pathogen’s avirulence genes. Resistance breakdown could be due to changes in the pathogen’s 
avirulence genes, introduction of new pathotypes, or a combination of both(Levy et al. 1993). A 
broad knowledge of the pathogen’s virulence capacity would therefore provide a guide to the 
effective deployment of available R genes.  
Characterization of virulence of M. oryzae on rice can be done using differentials which 
can either be commercial cultivars or monogenic or near isogenic lines (NILs). Monogenic and 
near-isogenic lines have a specific target R gene(s), and are useful in overcoming the problems 
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associated with virulence characterization using commercial cultivars where specific resistance 
genes may not be known. The differential lines can be used to group the pathogen based on the 
virulence pattern observed.  Moreover, NILs and monogenic lines are important resources for the 
detailed analysis of pathogen virulence. 
Studies to determine races of M. oryzae have reported the presence of variable numbers 
of races of the pathogen from region to region. For instance in the Philippines alone, 250 races 
have been reported (Chen et al. 1995). In the U.S., the use of a set of 25 to 30 differentials 
comprising commercial cultivars have pointed to the presence of variable numbers of M. oryzae 
races in commercial fields over a period of time (Correll et al. 2009). Notably, these studies have 
shown that some races of the pathogen in the U.S. have persisted over the years (Correll et al. 
2009) and in total 10 races have been reported in the U.S. (Correll et al. 2000;  Dai et al. 2010).  
Recently, the International Rice Research Institute (IRRI) developed two new sets of 
International standard differentials for use in the virulence determination of the blast pathogen 
(Kobayashi et al. 2007;  Tsunematsu et al. 2000). The first set of differentials was comprised of 
31 monogenic lines targeting 24 R genes in the background of the Japonica rice cultivar 
Lijiangxintaunheigu (LTH) (Tsunematsu et al. 2000). The second set of differentials was 
comprised of 20 NILs in the background of the Indica rice type,  cultivar CO39 and targeting a 
total of 13 R genes (Kobayashi et al. 2007). Overall, the two sets of differentials were purported 
to cover a total of 24 R genes since all the R genes in the CO39 background were also contained 
in the differentials of the LTH background. Previously, virulence characterization of U.S. blast 
isolates has been conducted using differentials comprising commercial cultivars, most of which 
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contain un-described resistance genes. The IRRI differentials cover a wide number of R genes 
and therefore are important in the determination of the avirulence phenotypes of blast isolates.  
The R genes in the IRRI differential lines have been identified and utilized in protecting 
rice against the rice blast pathogen across different regions where the crop is grown, including 
the U.S. Because rice blast pathogen races evolve rapidly, I envisioned that analysis of the 
reference, archived and contemporary isolates would provide information about the blast 
pathogen’s virulence phenotypes. Additionally, differentials with known R genes are useful in 
the determination of the effectiveness of the targeted R genes against isolates of the blast 
pathogen.  
“New Rice for Africa” (NERICA) germplasm are interspecific rice hybrids of O. sativa 
and Oryzae glaberrima that were initially bred to be adapted to Central and West African rice 
environments where many rice production constraints include rice blast disease (Jones et al. 
1997). Adoption of NERICA in Africa has spread throughout Africa and have been successful 
especially in West African (Futakuchi et al. 2012). The unique biotic and abiotic adaptability 
traits of NERICA have been possibly inherited from their respective O. glaberrima parent (Jones 
et al. 1997). Evaluations of NERICA germplasm for resistance to rice blast disease have been 
undertaken in some rice growing regions of Africa where NERICA germplasm are reported to 
possess high levels of blast disease resistance (AfricaRice and /FAO/SAA 2008). There are no 
studies that have been undertaken to evaluate NERICA germplasm’s reactions to U.S. isolates of 
M. oryzae. 
In this study, virulence phenotypes of the U.S. isolates of M. oryzae were characterized 
and subsequently the effectiveness of the 24 R genes contained in the IRRI differentials in both 
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the LTH and CO39 genetic backgrounds, were assed with U.S. isolates of M. oryzae. The 
resistance of NERICA against the U.S. isolates of M. oryzae were also assessed. 
Materials and Methods 
Isolates. A total of 428 mono-conidial isolates of M. oryzae recovered from fungal 
collections from two U.S. states, Arkansas and Louisiana, during the years 2012, 2013 and 2014 
were analyzed for their VCGs (Table 1). Virulence characterization was performed on 45 U.S. 
isolates of M. oryzae, that comprised of reference, archived and contemporary collections up to 
the year 2012 (Correll et al. 2000) (Table 2). All isolates used in this study had been 
characterized for their vegetative compatibility groups (VCGs) (Correll et al. 2000). The isolates 
represented 10 common races and four VCGs that are found in the U.S. (Correll et al. 2009). 
Also included were eight U.S. atypical M. oryzae isolates having unique MGR fingerprints and 
not belonging to any of the VCGs found in the U.S. (Zhai 2012). The eight atypical isolates 
(JUM1, JUM2, JUM3, UZR1, UZR2, UZR3, 63601 and 63603) were recovered from susceptible 
cultivars from the USDA Mini Core Collection UZ ROSZ 5 (PI 282207), 6360 (PI 177224) and 
Jumli dhan (PI 549224) that originated from Uzbekistan, Turkey and Nepal, respectively. 
Vegetative compatibility grouping.  Field isolates collected during the years 2012 to 
2014 were genotyped by use of vegetative compatibility testing using the nit mutant system as 
described by Correll et al. (2000). Briefly, single nitrate non-utilizing mutants were recovered 
from each of the isolates followed by complementation tests using previously identified nit 
testers for the U.S. isolates (Correll et al. 2000). VCG designations were then assigned to isolates 
based on which testers they complemented.  
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Germplasm. Virulence phenotyping was conducted using two subsets of differential rice 
lines. Set one were 29 monogenic lines on the cultivar LTH background containing a total of 24 
R genes: Pia, Pii, Pik-s, Pik, Pik-p, Pik-h, Piz, Piz-5, Piz-t, Pita, Pib, Pit, Pi1, Pi3, Pi5(t), Pi7(t), 
Pi9(t), Pi12(t), Pi19, Pik-m, Pi20(t), Pita2, Pi11(t), and Pish (Tsunematsu et al. 2000). The 
second set of differentials were 19 NILs on the cultivar CO39 background and containing a total 
of 13 R genes: Pish, Pib, Piz-5, Piz-t, Pi5(t), Pik-s, Pik, Pik-m, Pik-p, Pi1, Pi7(t), Pita, and Pita-
2 (Kobayashi et al. 2007). Both background cultivars LTH and CO39 were included as 
susceptible checks in all tests. Included in the tests were four NERICA germplasm (NERICA2, 
NERICA5, NERICA12 and NERICA15) and five blast-susceptible cultivars; three from the 
USDA Mini Core Collection (UZ ROSZ 5 - PI 282207, 6360-PI 177224, and Jumli dhan-PI 
549224) and two U.S. rice cultivars (Francis and M204). Also evaluated for their reactions to 
field isolates of M. oryzae were seven commercial cultivars (CL151, CL152, Colorado, Jupiter, 
Mermentau, RU1201136, RU1201061 and the susceptible check Jumli dhan). The reaction of 
these cultivars were tested using 10 isolates each from the two prevalent VCGs (US-04 and US-
044) from isolates collected in 2013-2014. 
Fungal inoculum preparation and inoculation. Inoculum was produced by growing 
isolates on rice bran agar for seven to eight days under fluorescent light. Inoculum comprised of 
conidia suspension in sterile distilled water adjusted to a concentration of 2 x 105 conidia/ml. 
Each flat of plants was sprayed with 50 ml of inoculum using a compressed air sprayer. 
Inoculated plants were then incubated for 24 hours in a dew chamber with 100% relative 
humidity and a temperature of 22oC before plants being transferred back to the greenhouse.   
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Virulence assessment. Testing was done in a greenhouse maintained at a temperature of 
between 19-26oC. About 10 to 15 seeds were sown on sandy soil and Sunshine LC1 potting 
mixture (Planet Natural Inc., Bozman, MT) at a ratio of 2:1 in plastic flats measuring 50.8 x 35.5 
x 6.9 cm (a total of 40 cultivars per flat). Seedlings were then allowed to grow for 21 days before 
inoculations were performed. Virulence assessment for each isolate was performed in three 
independent tests. 
Disease evaluation and statistical analysis. Seven days after inoculation, disease 
evaluation was performed using a scale of 0-9 (0-3 resistant and 4-9 susceptible) (Correll et al. 
2009;  Xia et al. 1993). Disease ratings were then converted into binary character matrices that 
were used to build a similarity matrix based on simple matching coefficients. Cluster analysis 
was used to generate dendrograms based on the disease ratings with arithmetic averages using 
the un-weighted pair-group method of the arithmetic average (UPGMA) of NTSYS-pc ver. 2.1 
(Exeter Software, Setauket, NY) (Rohlf 2004). The proportions of isolates that showed 
compatible or incompatible reactions were computed using JMP ver. 11 (SAS Inc., Cary, NC. 
2012) and used to determine the effectiveness of each of the R genes and germplasm. Analysis of 
variance was performed on the disease reactions of the U.S. commercial cultivars followed by 
mean separation to compare the resistance of the various rice cultivars JMP ver. 11 (SAS Inc., 
Cary, NC 2012). The same analysis was performed on disease reaction scores of the various 
cultivars, co compare virulence of isolates within VCGs.  
Results 
Sixteen isolates out of the 45 isolates were avirulent on the susceptible background 
cultivar CO39, thus the 16 isolates were excluded in pathotype group analysis. The differentials 
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on CO39 background grouped the 29 isolates into four pathotype groups (Fig. 1). Pathotype 
group one, consisted of three isolates belonging to race IB49 and one isolate of race IB33. 
Another two isolates belonging to race IB49 were in virulence group 2 and one isolate was in 
group 5 (Fig. 1). Four isolates belonging to race IE1 clustered together in pathotype group 2 
whereas another one isolate each of the same race, IE1 were in pathotype group 3 and 4. Other 
isolates in pathotype group 2 were a single isolate each of races IB1, IC1, IC17 and K, two 
isolates of race IG17. Four isolates without race designation were also in pathotype group 2 (Fig. 
1). Pathotype group 3 consisted of one isolate of race IE1 and a single isolate without race 
designation. In pathotype group 4 were one isolate each of races IE1, IB49, ID13, IC17, IB54 
and two isolates of race IG1 (Fig. 1).  
 Similar to the background cultivar CO39, a total of 13 isolates that included the eight 
atypical isolates were avirulent on the background cultivar, LTH. The 13 avirulent isolates on 
LTH were therefore excluded in pathotype group analysis. The differentials on LTH background 
grouped the remaining 32 isolates into 10 pathotype groups (Fig. 2). In pathotype group 1 were 
three out of the five isolates of race IB49 while the other two isolates of race IB49 were in 
pathotype group 3 and 5. The other isolates in pathotype group 1 were four isolates of race IE1, 
and a single isolate each of race IB1 and IC17. Also six isolates without race designation were in 
pathotype group one (Fig. 2).  Pathotype group 2 consisted of a single isolate each of races IC1, 
IE1, K and IG17 (Fig. 2). Pathotype group 3 comprised of a single isolate each belonging to race 
IB49 and IB33 (Fig. 2). Pathotype group 4 had a single isolate of race K and another isolate 
without race designation (Fig. 2). Pathotype groups 5, 6,7 and 8 had a single isolate each 
belonging to races IB49, IG1, IG1 and IE1 respectively (Fig. 2).  Pathotype group 9 had a single 
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isolate of race ID13 and four isolates without race designation (Fig. 2) whereas pathotype group 
10 consisted of a single isolate without race designation. 
Overall, the results from the two sets of differentials showed that there was no perfect 
correspondence between pathotype groups by the two differentials and previous race 
designations. Isolates from particular races did not necessarily cluster together in the same 
pathotype groups but the least virulent isolates group together. There was also no association 
between isolates’ VCGs and pathotype groups (data no shown). In terms of virulence on the 
respective R genes, isolates varied widely in virulence with the atypical isolates not virulent on 
any R gene (Fig. 3). 
The R genes Pi9(t), Pi11(t), Pib, Pi12(t), Piz-5 and Pita2 were the most effective R genes 
with incompatible reactions of 98%, 96%, 96%, 93%, 93% and 93%, respectively (Table 3). 
Notably, no isolate was able to overcome all 24 R genes. The R genes Pik-s and Pi3 were the 
least effective with both of them having incompatible reactions of only 22% (Table 3).  
        The four NERICA lines (NERICA 2, NERICA 5, NERICA 12 and NERICA 15) were 
highly resistant to isolates used in this study with incompatible reactions ranging from 93 to 98% 
(Fig. 4). The cultivars from the USDA Mini Core Collection; Jumli dhan, UZ ROSZ 5, and 6360 
had incompatible reactions of 4, 13 and 20%, respectively (Fig. 4) while the two U.S. cultivars 
Francis and M204 had incompatible reactions of 20 and 22%, respectively. Hence, NERICA, the 
cultivars from USDA Mini Core Collection and the U.S. cultivars did not help in virulence 
discrimination among isolates. Jumli dhan was a better susceptible check compared to the other 
susceptible checks (CO39, LTH, UZ ROSZ 5, 6360, M204 and Francis). 
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The two recurrent parents LTH and CO39 had resistances that were effective to some of 
the isolates with incompatible reactions of 26% and 35% respectively (Table 3). However, 
among the isolates that were avirulent on both LTH and CO39 were the eight unique (atypical) 
isolates that could not infect any rice genotype other than the genotypes in which the isolates 
were recovered. 
Differentials with more than one source of R genes were compared to determine whether 
source of R gene significantly contributed to the difference in the reaction responses. There was 
significant difference (p = ˂0.0001) in the compatible versus incompatible reactions for the R 
gene sources of Pi7, Pish, Pita and Piz-t (Table 4). Overall, R gene sources used for 
introgression into CO39 had consistently higher incompatible reactions as compared to sources 
for introgression into LTH (Table 4). 
The commercial cultivars tested were significantly different (p = ˂0.0001) in their 
reactions to the isolates tested. Among the commercial cultivars examined, Mermentau was the 
most resistant with a mean disease score of 1.2, followed by the cultivars Colorado and CL151 
with mean disease scores of 3.8 and 4 respectively (Fig. 5). The cultivar, RU1201061 was the 
most susceptible with a mean disease score of 5.8 that was not significantly different from the 
susceptible check cultivar Jumli dhan (Fig. 5). Virulence of the isolates from the two VCGs US-
01 and US-04 on the commercial cultivars was significantly different (p= ˂0.0001) with isolates 
from VCG US-01 being more virulent than isolates of the VCG US-04. There were variations in 
virulence on some isolates of a VCG on each of the commercial varieties (Fig. 6a, 6b and 6c).  
The number and frequency of isolates in each VCG recovered during the years 2012, 
2013 and 2014 were as follows; US-01 (277, 66%), US-02 (11, 3%) and US-04 (140, 31%) 
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(Table 5). None of the isolates in the VCG US-03 were recovered during this period. Overall, 
isolates of VCG US-01 were consistently high each year ranging from 61 to 75%, while isolates 
of VCG US-02 had the least occurrence with a frequency that ranged from 0 to 7% (Table 5). 
Isolates in VCG US-01 and US-04 were the only isolates recovered in year 2014 (Table 5). 
Discussion  
Isolate pathotyping is important for monitoring pathogen virulence status especially for 
M. oryzae where evolution of new pathotypes is rapid. This study sought to determine virulence 
diversity of M. oryzae isolates using the two new sets of IRRI differentials. These differentials 
have known R genes (Kobayashi et al. 2007;  Tsunematsu et al. 2000), hence the M. oryzae 
pathotype information of these differentials can provide a guide on deployment of R genes. To 
further understand the pathotype diversity of the U.S. isolates additional isolates should be 
tested. Previous pathotyping of isolates was performed using commercial cultivars that grouped 
isolates into races that represented wide virulence groups (Correll et al. 2009). This could explain 
the discrepancy between the virulence groupings observed in this study and the previous 
virulence groupings based on races. It can be hypothesized that the clustering of isolates could be 
equivalent to the number of pathotypes of M. oryzae that exist in the U.S. Overall, it was 
observed that the number of pathotypes have not increased substantially over the years based on 
the findings of this study.  
The most effective R gene, Pi9,  has been described as a broad-spectrum R gene from 
Oryzae minuta that confers resistance to a wide range of blast isolates (Liu et al. 2002;  Qu et al. 
2006;  Wang et al. 2013) that was introgressed into adaptable rice cultivars (Amantebordeos et 
al. 1992). Similar to our observations in this study, other studies have also reported Pi9 to be the 
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most effective R gene against U.S. blast isolates (Wang et al. 2015). Since the only isolate that 
overcame the R gene Pi9 did not overcome Pi11, effective protection from blast disease could be 
achieved through the introgression of the two R genes, Pi9 and Pi11, into blast-susceptible 
cultivars in the U.S. For the introgression of other R genes, R genes used in the development of 
differentials on CO39 background would be better sources than R genes used in the differentials 
on LTH. Finally, future efforts should focus on monitoring the persistence and increase in the 
number of isolates that can overcome the most effective R genes Pi9 and Pi11.  
The recurrent parent CO39 was reported to contain the resistance gene Pia (Imbe et al. 
1997) that is generally regarded as an R gene with weak effects (Zeng et al. 2011). There has 
been no prior report of Pia conferring resistance to isolates of M. oryzae in the U.S. Previously, 
LTH was widely reported to be universally susceptible and was not known to have any major 
resistance genes (Kobayashi et al. 2007;  Pan et al. 1998;  Tsunematsu et al. 2000). However, 
new studies have revealed that LTH contains the R gene Pi19 and could have alleles of minor 
unidentified genes effective against some isolates of M. oryzae (Bo Zhou, personal 
communication). This observation was confirmed in this study, which showed the effectiveness 
of the Pi19-containing differential was similar to that of LTH. The R genes on these recurrent 
parents may not reveal the true phenotypes of isolates and limits the utility of the background 
cultivars as susceptible checks. However, future studies should be conducted to confirm if 
resistance observed here could persist over a wider range of isolates. According to my study 
Jumli dhan may be utilized as a susceptible check in the U.S. blast pathogen virulence 
phenotyping.  
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The atypical isolates were recovered from the highly susceptible foreign rice cultivars 
suggests that these isolates could be containing unique avirulence genes. Further tests on these 
isolates need to be carried out in order to fully understand the molecular and phenotypic nature 
of these isolates. 
Rice blast disease resistance in NERICA germplasm has not been described, but it is 
believed that the resistance is inherited from the O. glaberrima parent.  No studies have 
described the R genes NERICA germplasm contains. The resistance genes in these NERICA 
germplasm could be exploited as potential new sources of resistance to rice blast in the U.S. 
The increase of isolates in the VCG US-01 cannot be explained, but the results of this 
study confirmed reports from previous studies indicating the predominance of isolates belonging 
to US-01 in the U.S. (Correll et al. 2009). The possible hypothesis could be that these isolates 
have factors that enable the isolates to persist. The fact that isolates in the VCG US-01 were 
more virulent than isolates of VCG US-04 could support this hypothesis.  
The U.S. commercial rice cultivar Mermentau, that was found to be the most resistant in 
this study is a cultivar that was developed in Louisiana in 2012 (Oard et al. 2014). Evaluations of  
Mermentau for blast resistance in Louisiana found the cultivar to be moderately resistant to blast 
(Oard et al. 2014). Based on the results of this study, Mermentau could be a promising variety 
for use in blast prone areas in Arkansas.  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. collected 
from rice during the years 2012, 2013 and 2014. 
Isolate VCGa  Cultivarb County State Year   
LU11 US-01 CL261 Crowley Louisiana 2012  
LU12 US-02 CL261 Crowley Louisiana 2012  
LU14 US-04 CL261 Crowley Louisiana 2012  
LU15 US-04 CL261 Crowley Louisiana 2012  
LU110 US-04 CL261 Crowley Louisiana 2012  
LU21 US-04 Caffey Crowley Louisiana 2012  
LU22 US-04 Caffey Crowley Louisiana 2012  
LU23 US-04 Caffey Crowley Louisiana 2012  
LU24 US-04 Caffey Crowley Louisiana 2012  
LU25 US-04 Caffey Crowley Louisiana 2012  
LU26 US-04 Caffey Crowley Louisiana 2012  
LU27 US-04 Caffey Crowley Louisiana 2012  
LU28 US-04 Caffey Crowley Louisiana 2012  
LU29 US-04 Caffey Crowley Louisiana 2012  
LU210 US-04 Caffey Crowley Louisiana 2012  
LU31 US-01 Cheniere Crowley Louisiana 2012  
LU32 US-01 Cheniere Crowley Louisiana 2012  
LU33 US-01 Cheniere Crowley Louisiana 2012  
LU34 US-02 Cheniere Crowley Louisiana 2012  
LU35 US-02 Cheniere Crowley Louisiana 2012  
LU36 US-01 Cheniere Crowley Louisiana 2012  
LU37 NDc Cheniere Crowley Louisiana 2012  
LU38 US-01 Cheniere Crowley Louisiana 2012  
LU39 US-02 Cheniere Crowley Louisiana 2012  
LU310 US-02 Cheniere Crowley Louisiana 2012  
LU41 US-01 Catahowa Crowley Louisiana 2012  
LU47 US-01 Catahowa Crowley Louisiana 2012  
LU61 US-01 CL152 Crowley Louisiana 2012  
LU62 US-01 CL152 Crowley Louisiana 2012  
LU63 US-01 CL152 Crowley Louisiana 2012  
LU64 US-01 CL152 Crowley Louisiana 2012  
LU65 US-01 CL152 Crowley Louisiana 2012  
LU66 US-01 CL152 Crowley Louisiana 2012  
LU67 US-01 CL152 Crowley Louisiana 2012  
LU68 US-01 CL152 Crowley Louisiana 2012  
aVegetative compatibility group; 
bCultivar in which the isolates was recovered from  
cND = not determined 
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
Isolate VCGa  Cultivarb County State Year   
LU69 US-01 CL152 Crowley Louisiana 2012  
LU610 US-01 CL152 Crowley Louisiana 2012  
LU71 US-01 CL151 Crowley Louisiana 2012  
LU73 US-01 CL151 Crowley Louisiana 2012  
LU74 US-01 CL151 Crowley Louisiana 2012  
LU75 US-01 CL151 Crowley Louisiana 2012  
LU76 US-01 CL151 Crowley Louisiana 2012  
LU77 US-01 CL151 Crowley Louisiana 2012  
LU78 US-01 CL151 Crowley Louisiana 2012  
LU79 US-01 CL151 Crowley Louisiana 2012  
LU710 US-01 CL151 Crowley Louisiana 2012  
LU81 US-01 CL111 Crowley Louisiana 2012  
LU82 US-01 CL111 Crowley Louisiana 2012  
LU83 1ND CL111 Crowley Louisiana 2012  
LU84 US-01 CL111 Crowley Louisiana 2012  
LU85 US-01 CL111 Crowley Louisiana 2012  
LU86 US-01 CL111 Crowley Louisiana 2012  
LU87 US-01 CL111 Crowley Louisiana 2012  
LU88 US-01 CL111 Crowley Louisiana 2012  
LU89 ND CL111 Crowley Louisiana 2012  
LU810 US-01 CL111 Crowley Louisiana 2012  
LU91 US-01 Presido Crowley Louisiana 2012  
LU92 US-01 Presido Crowley Louisiana 2012  
LU93 US-01 Presido Crowley Louisiana 2012  
LU94 US-01 Presido Crowley Louisiana 2012  
LU95 US-01 Presido Crowley Louisiana 2012  
LU96 US-01 Presido Crowley Louisiana 2012  
LU97 US-01 Presido Crowley Louisiana 2012  
LU98 US-01 Presido Crowley Louisiana 2012  
LU99 US-01 Presido Crowley Louisiana 2012  
LU910 US-01 Presido Crowley Louisiana 2012  
LU101 US-04 Jupiter Crowley Louisiana 2012  
LU102 US-04 Jupiter Crowley Louisiana 2012  
LU103 US-04 Jupiter Crowley Louisiana 2012  
LU104 US-04 Jupiter Crowley Louisiana 2012  
LU105 US-04 Jupiter Crowley Louisiana 2012  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
 
Isolate VCGa  Cultivarb County State Year  
 
LU106 US-04 Jupiter Crowley Louisiana 2012  
LU107 US-04 Jupiter Crowley Louisiana 2012  
LU108 US-04 Jupiter Crowley Louisiana 2012  
LU109 US-04 Jupiter Crowley Louisiana 2012  
LU1010 US-04 Jupiter Crowley Louisiana 2012  
LU112 US-01 Mermentau Crowley Louisiana 2012  
LU113 US-01 Mermentau Crowley Louisiana 2012  
LU114 US-01 Mermentau Crowley Louisiana 2012  
LU115 US-01 Mermentau Crowley Louisiana 2012  
LU116 US-01 Mermentau Crowley Louisiana 2012  
LU117 US-01 Mermentau Crowley Louisiana 2012  
LU118 US-01 Mermentau Crowley Louisiana 2012  
LU119 US-01 Mermentau Crowley Louisiana 2012  
LU1110 US-01 Mermentau Crowley Louisiana 2012  
LU121 US-01 M201 Crowley Louisiana 2012  
LU122 US-01 M201 Crowley Louisiana 2012  
LU123 US-04 M201 Crowley Louisiana 2012  
LU124 US-02 M201 Crowley Louisiana 2012  
LU125 US-01 M201 Crowley Louisiana 2012  
LU126 ND M201 Crowley Louisiana 2012  
LU127 US-01 M201 Crowley Louisiana 2012  
LU128 US-04 M201 Crowley Louisiana 2012  
LU129 US-01 M201 Crowley Louisiana 2012  
LU1210 US-01 M201 Crowley Louisiana 2012  
AR001 US-01 CL151 Stanford Arkansas 2013  
AR002 US-01 CL151 Stanford Arkansas 2013  
AR003 US-01 CL151 Stanford Arkansas 2013  
AR004 US-01 CL151 Stanford Arkansas 2013  
AR005 US-01 CL151 Stanford Arkansas 2013  
AR006 US-01 CL151 Stanford Arkansas 2013  
AR007 US-01 CL151 Stanford Arkansas 2013  
AR008 US-01 CL151 Stanford Arkansas 2013  
AR009 US-01 CL151 Stanford Arkansas 2013  
AR010 US-01 CL151 Stanford Arkansas 2013  
AR011 US-01 CL151 Stanford Arkansas 2013  
AR012 US-01 CL151 Stanford Arkansas 2013  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
Isolate VCGa  Cultivarb County State Year   
AR013 ND CL151 Stanford Arkansas 2013  
AR014 US-01 CL151 Stanford Arkansas 2013  
AR015 US-01 CL151 Stanford Arkansas 2013  
AR016 US-01 CL152 Pocahontas Arkansas 2013  
AR017 ND CL152 Pocahontas Arkansas 2013  
AR018 US-02 CL152 Pocahontas Arkansas 2013  
AR019 US-01 CL152 Pocahontas Arkansas 2013  
AR020 US-01 CL152 Pocahontas Arkansas 2013  
AR022 US-01 Jupiter Lawrence Arkansas 2013  
AR023 ND Jupiter Lawrence Arkansas 2013  
AR024 ND Jupiter Lawrence Arkansas 2013  
AR025 ND Jupiter Lawrence Arkansas 2013  
AR026 ND Jupiter Lawrence Arkansas 2013  
AR027 ND Jupiter Lawrence Arkansas 2013  
AR028 ND Jupiter Lawrence Arkansas 2013  
AR029 ND CL261 Lawrence Arkansas 2013  
AR030 ND CL261 Lawrence Arkansas 2013  
AR031 ND CL261 Lawrence Arkansas 2013  
AR032 US-04 Francis Greene Arkansas 2013  
AR033 US-04 Francis Greene Arkansas 2013  
AR034 US-04 Francis Greene Arkansas 2013  
AR035 ND Francis Greene Arkansas 2013  
AR036 US-04 Francis Greene Arkansas 2013  
AR037 US-04 Francis Greene Arkansas 2013  
AR038 US-04 Francis Greene Arkansas 2013  
AR039 US-04 Francis Greene Arkansas 2013  
AR040 US-04 Francis Greene Arkansas 2013  
AR041 US-04 Francis Greene Arkansas 2013  
AR042 US-04 Francis Greene Arkansas 2013  
AR043 US-04 Unknown  Lawrence Arkansas 2013  
AR044 US-04 Unknown  Lawrence Arkansas 2013  
AR045 US-04 Unknown  Lawrence Arkansas 2013  
AR046 US-04 Unknown  Lawrence Arkansas 2013  
AR047 US-04 Unknown  Lawrence Arkansas 2013  
AR048 US-04 Unknown  Lawrence Arkansas 2013  
AR049 US-04 Unknown  Lawrence Arkansas 2013  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
Isolate VCGa  Cultivarb County State Year   
AR050 US-04 Unknown  Lawrence Arkansas 2013  
AR051 US-01 CL151 Greene Arkansas 2013  
AR052 US-01 CL151 Greene Arkansas 2013  
AR053 US-01 CL151 Greene Arkansas 2013  
AR054 US-01 CL151 Greene Arkansas 2013  
AR055 US-01 CL151 Greene Arkansas 2013  
AR056 US-01 CL151 Greene Arkansas 2013  
AR057 US-01 CL151 Greene Arkansas 2013  
AR058 US-01 CL151 Greene Arkansas 2013  
AR059 US-01 CL151 Greene Arkansas 2013  
AR060 US-01 CL151 Greene Arkansas 2013  
AR062 US-04 CL261 Monroe Arkansas 2013  
AR063 US-04 CL261 Monroe Arkansas 2013  
AR064 US-04 CL261 Monroe Arkansas 2013  
AR065 US-04 CL261 Monroe Arkansas 2013  
AR066 US-04 CL261 Monroe Arkansas 2013  
AR067 US-04 CL261 Monroe Arkansas 2013  
AR068 US-04 CL261 Monroe Arkansas 2013  
AR069 US-04 CL261 Monroe Arkansas 2013  
AR070 US-04 CL261 Monroe Arkansas 2013  
AR071 US-04 CL261 Monroe Arkansas 2013  
AR072 US-04 CL261 Monroe Arkansas 2013  
AR073 US-04 CL261 Monroe Arkansas 2013  
AR074 US-04 CL261 Monroe Arkansas 2013  
AR075 US-04 CL261 Monroe Arkansas 2013  
AR076 US-04 CL261 Monroe Arkansas 2013  
AR077 US-01 CL261 Monroe Arkansas 2013  
AR078 US-04 CL261 Monroe Arkansas 2013  
AR079 US-04 CL261 Monroe Arkansas 2013  
AR080 US-04 CL261 Monroe Arkansas 2013  
AR081 US-04 CL261 Monroe Arkansas 2013  
AR082 US-04 CL261 Monroe Arkansas 2013  
AR083 US-04 CL261 Monroe Arkansas 2013  
AR084 US-04 CL261 Monroe Arkansas 2013  
AR085 US-04 CL261 Monroe Arkansas 2013  
AR086 US-04 CL261 Monroe Arkansas 2013  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
 
Isolate VCGa  Cultivarb County State Year   
AR087 US-04 CL261 Monroe Arkansas 2013  
AR088 US-04 CL261 Monroe Arkansas 2013  
AR089 US-04 CL261 Monroe Arkansas 2013  
AR090 US-04 CL261 Monroe Arkansas 2013  
AR091 US-04 CL261 Monroe Arkansas 2013  
AR092 US-01 CL261 Monroe Arkansas 2013  
AR093 US-04 CL261 Monroe Arkansas 2013  
AR094 US-04 CL261 Monroe Arkansas 2013  
AR096 US-01 CL261 Monroe Arkansas 2013  
AR097 US-01 CL261 Monroe Arkansas 2013  
AR098 ND Jupiter  Lawrence Arkansas 2013  
AR099 US-04 Jupiter  Lawrence Arkansas 2013  
AR100 US-04 Jupiter  Lawrence Arkansas 2013  
AR111 US-04 Jupiter  Lawrence Arkansas 2013  
AR112 ND Jupiter  Lawrence Arkansas 2013  
AR113 ND Jupiter  Lawrence Arkansas 2013  
AR114 US-04 Jupiter  Lawrence Arkansas 2013  
AR115 US-04 Jupiter  Lawrence Arkansas 2013  
AR116 US-01 CL152 Pocahontas Arkansas 2013  
AR117 US-01 CL152 Pocahontas Arkansas 2013  
AR118 US-01 CL152 Pocahontas Arkansas 2013  
AR119 US-01 CL152 Pocahontas Arkansas 2013  
AR120 US-01 CL152 Pocahontas Arkansas 2013  
AR121 US-01 CL152 Pocahontas Arkansas 2013  
AR122 US-01 CL152 Pocahontas Arkansas 2013  
AR123 US-01 CL152 Pocahontas Arkansas 2013  
AR124 US-01 CL152 Pocahontas Arkansas 2013  
AR125 US-01 CL152 Pocahontas Arkansas 2013  
AR126 US-01 CL152 Pocahontas Arkansas 2013  
AR127 US-01 CL152 Pocahontas Arkansas 2013  
AR128 US-02 CL152 Pocahontas Arkansas 2013  
AR129 US-02 CL152 Pocahontas Arkansas 2013  
AR130 US-01 CL152 Pocahontas Arkansas 2013  
AR131 US-01 CL152 Pocahontas Arkansas 2013  
AR132 US-01 CL152 Pocahontas Arkansas 2013  
AR133 US-01 CL152 Pocahontas Arkansas 2013  
AR134 US-01 CL152 Pocahontas Arkansas 2013  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
Isolate VCGa  Cultivarb County State Year   
AR135 US-01 CL152 Pocahontas Arkansas 2013  
AR136 US-01 CL152 Pocahontas Arkansas 2013  
AR137 US-02 CL152 Pocahontas Arkansas 2013  
AR138 US-01 CL152 Pocahontas Arkansas 2013  
AR139 US-02 CL152 Pocahontas Arkansas 2013  
AR140 US-01 CL151 Stanford Arkansas 2013  
AR141 US-01 CL151 Stanford Arkansas 2013  
AR142 US-01 CL151 Stanford Arkansas 2013  
AR143 US-01 CL151 Stanford Arkansas 2013  
AR144 US-04 Jupiter  Lawrence Arkansas 2013  
AR145 US-04 Jupiter  Lawrence Arkansas 2013  
AR146 US-04 Jupiter  Lawrence Arkansas 2013  
AR147 US-04 Jupiter  Lawrence Arkansas 2013  
AR148 US-04 Jupiter  Lawrence Arkansas 2013  
AR149 US-04 Jupiter  Lawrence Arkansas 2013  
AR150 US-04 Jupiter  Lawrence Arkansas 2013  
AR152 ND RU1201136 Jackson Arkansas 2013  
AR153 ND RU1201136 Jackson Arkansas 2013  
AR154 US-01 CL152 Jackson Arkansas 2013  
AR155 US-01 CL162 Jackson Arkansas 2013  
AR156 US-01 CL162 Jackson Arkansas 2013  
AR157 ND CL162 Jackson Arkansas 2013  
AR158 US-04 CL162 Jackson Arkansas 2013  
AR159 ND RU1201061 Jackson Arkansas 2013  
AR160 ND RU1201061 Jackson Arkansas 2013  
AR161 US-01 RU1201061 Jackson Arkansas 2013  
AR162 US-01 CL261 Monroe Arkansas 2013  
AR163 US-01 CL152 Pocahontas Arkansas 2013  
AR164 ND CL152 Pocahontas Arkansas 2013  
AR165 US-01 CL152 Pocahontas Arkansas 2013  
AR166 US-01 CL152 Pocahontas Arkansas 2013  
AR167 US-01 CL151 Stanford Arkansas 2013  
AR168 US-01 CL151 Stanford Arkansas 2013  
AR169 US-04 CL151 Stanford Arkansas 2013  
AR170 US-01 CL151 Stanford Arkansas 2013  
AR171 US-01 CL152 Jackson Arkansas 2013  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
 
Isolate VCGa  Cultivarb County State Year   
AR172 US-01 CL152 Jackson Arkansas 2013  
AR173 US-01 CL152 Jackson Arkansas 2013  
AR174 US-01 CL152 Jackson Arkansas 2013  
AR175 US-04 RU1201136 Jackson Arkansas 2013  
AR176 US-01 RU1201136 Jackson Arkansas 2013  
AR177 US-04 RU1201136 Jackson Arkansas 2013  
AR178 US-04 RU1201136 Jackson Arkansas 2013  
AR179 US-04 RU1201136 Jackson Arkansas 2013  
AR180 US-04 RU1201136 Jackson Arkansas 2013  
AR181 US-01 RU1201136 Jackson Arkansas 2013  
AR182 US-04 RU1201136 Jackson Arkansas 2013  
AR183 US-01 RU1201136 Jackson Arkansas 2013  
AR184 ND RU1201136 Jackson Arkansas 2013  
AR185 US-04 RU1201136 Jackson Arkansas 2013  
AR186 ND RU1201136 Jackson Arkansas 2013  
AR187 US-01 RU1201136 Jackson Arkansas 2013  
AR188 US-01 CL152 Jackson Arkansas 2013  
AR189 US-01 CL152 Jackson Arkansas 2013  
AR190 US-01 CL152 Jackson Arkansas 2013  
AR192 US-01 CL162 Jackson Arkansas 2013  
AR193 US-01 CL162 Jackson Arkansas 2013  
AR194 US-01 CL162 Jackson Arkansas 2013  
AR195 US-01 CL162 Jackson Arkansas 2013  
AR196 US-01 CL162 Jackson Arkansas 2013  
AR197 US-01 CL162 Jackson Arkansas 2013  
AR198 US-01 CL162 Jackson Arkansas 2013  
AR199 US-01 CL162 Jackson Arkansas 2013  
AR200 US-01 CL162 Jackson Arkansas 2013  
AR201 US-01 RU1201061 Jackson Arkansas 2013  
AR202 US-04 RU1201061 Jackson Arkansas 2013  
AR203 US-01 RU1201061 Jackson Arkansas 2013  
AR204 US-01 RU1201061 Jackson Arkansas 2013  
AR205 US-01 RU1201061 Jackson Arkansas 2013  
AR206 US-01 RU1201061 Jackson Arkansas 2013  
AR207 US-01 RU1201061 Jackson Arkansas 2013  
AR208 US-01 RU1201061 Jackson Arkansas 2013  
       
  
37 
 
 
Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
 
Isolate VCGa  Cultivarb County State Year   
AR209 US-01 RU1201061 Jackson Arkansas 2013  
AR210 US-04 Francis Greene Arkansas 2013  
AR211 US-01 Francis Lawrence Arkansas 2013  
AR212 US-01 CL152 Jackson Arkansas 2013  
AR213 US-01 CL152 Jackson Arkansas 2013  
AR214 US-01 CL152 Jackson Arkansas 2013  
AR215 US-01 RU1201061 Jackson Arkansas 2013  
AR216 US-01 Wells Jackson Arkansas 2013  
AR217 US-01 Wells Jackson Arkansas 2013  
AR218 US-01 Wells Jackson Arkansas 2013  
AR219 US-01 Wells Jackson Arkansas 2013  
AR220 US-01 CL151 Jackson Arkansas 2013  
AR221 US-01 CL151 Jackson Arkansas 2013  
AR222 US-01 CL151 Jackson Arkansas 2013  
AR223 US-01 CL152 Pocahontas Arkansas 2013  
AR224 US-01 CL152 Pocahontas Arkansas 2013  
AR225 US-01 Francis  Jackson Arkansas 2013  
AR226 US-01 Francis  Jackson Arkansas 2013  
AR227 US-01 Francis  Jackson Arkansas 2013  
AR228 US-01 Francis  Jackson Arkansas 2013  
AR229 US-01 Francis  Jackson Arkansas 2013  
AR230 US-01 Mermentau Jackson Arkansas 2013  
AR231 US-01 Mermentau Jackson Arkansas 2013  
AR232 US-01 Mermentau Jackson Arkansas 2013  
AR233 US-01 Mermentau Jackson Arkansas 2013  
AR234 US-01 Mermentau Jackson Arkansas 2013  
AR235 ND RU1301142 Jackson Arkansas 2013  
AR236 US-04   RU1301142 Jackson Arkansas 2013  
AR237 US-04 RU1301142 Jackson Arkansas 2013  
AR238 US-01 RU1301142 Jackson Arkansas 2013  
AR239 US-01 RU1301142 Jackson Arkansas 2013  
AR240 US-01 RU1301084 Jackson Arkansas 2013  
AR241 US-01 RU1301084 Jackson Arkansas 2013  
AR242 US-01 Colorado  Jackson Arkansas 2013  
AR243 US-01 Colorado  Jackson Arkansas 2013  
AR244 US-01 Colorado  Jackson Arkansas 2013  
       
  
38 
 
 
Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
 
Isolate VCGa  Cultivarb County State Year   
AR245 US-01 STG096-22-092 Jackson Arkansas 2013  
AR246 US-01 STG11IMI12-154 Jackson Arkansas 2013  
AR247 US-01 STG096-22-092 Jackson Arkansas 2013  
AR248 US-01 RU1301044 Jackson Arkansas 2013  
AR249 US-01 RU1301044 Jackson Arkansas 2013  
AR250 US-01 RU1301099 Jackson Arkansas 2013  
AR251 US-01 RU1301099 Jackson Arkansas 2013  
AR252 US-01 RU1201027 Jackson Arkansas 2013  
AR253 US-01 Colorado Jackson Arkansas 2013  
AR254 US-04 Colorado Jackson Arkansas 2013  
AR255 US-01 Caffey  Jackson Arkansas 2013  
AR256 ND Colorado Jackson Arkansas 2013  
AR257 US-01 RU1201136 Jackson Arkansas 2013  
AR258 US-01 IRBLaA Stuttgart Arkansas 2014  
AR259 US-01 IRBLaA Stuttgart Arkansas 2014  
AR260 US-01 IRBLaA Stuttgart Arkansas 2014  
AR261 US-01 NERICA2 Stuttgart Arkansas 2014  
AR262 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR263 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR264 US-01 Jumli Dhan Stuttgart Arkansas 2014  
AR265 US-01 Jumli Dhan Stuttgart Arkansas 2014  
AR266 US-01 IRBLaA Stuttgart Arkansas 2014  
AR267 US-01 IRBLaA Stuttgart Arkansas 2014  
AR268 US-01 IRBLaA Stuttgart Arkansas 2014  
AR269 US-01 IRBLaA Stuttgart Arkansas 2014  
AR270 US-01 NERICA2 Stuttgart Arkansas 2014  
AR271 US-01 NERICA2 Stuttgart Arkansas 2014  
AR272 US-01 IRBLaA Stuttgart Arkansas 2014  
AR273 US-01 NERICA2 Stuttgart Arkansas 2014  
AR275 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR276 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR277 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR278 US-01 NERICA2 Stuttgart Arkansas 2014  
AR279 US-01 Jumli Dhan Stuttgart Arkansas 2014  
AR280 US-01 NERICA2 Stuttgart Arkansas 2014  
AR281 US-01 IRBLaA Stuttgart Arkansas 2014  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
 
Isolate VCGa  Cultivarb County State Year   
AR282 US-01 IRBLaA Stuttgart Arkansas 2014  
AR283 US-01 IRBL 20-IR 24 Stuttgart Arkansas 2014  
AR284 US-01 IRBL 20-IR 24 Stuttgart Arkansas 2014  
AR285 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR286 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR287 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR289 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR290 US-01 IRBLaA Stuttgart Arkansas 2014  
AR291 US-04 Jupiter Craighead Arkansas 2014  
AR292 US-04 Jupiter Craighead Arkansas 2014  
AR293 US-04 Jupiter Craighead Arkansas 2014  
AR294 US-04 Jupiter Craighead Arkansas 2014  
AR295 US-01 ARPT 12183 Clay Arkansas 2014  
AR296 US-01 ARPT 12183 Clay Arkansas 2014  
AR297 US-01 ARPT 12184 Clay Arkansas 2014  
AR298 US-01 ARPT 12183 Clay Arkansas 2014  
AR300 US-01 ARPT 12184 Clay Arkansas 2014  
AR302 US-04 Jupiter Craighead Arkansas 2014  
AR303 US-04 Jupiter Craighead Arkansas 2014  
AR304 US-04 Jupiter Craighead Arkansas 2014  
AR305 US-04 Jupiter Craighead Arkansas 2014  
AR306 US-01 ARPT 12184 Clay Arkansas 2014  
AR307 US-01 ARPT 12184 Clay Arkansas 2014  
AR309 US-04 ARPT 12184 Clay Arkansas 2014  
AR310 US-01 ARPT 12184 Clay Arkansas 2014  
AR311 ND ARPT 12184 Clay Arkansas 2014  
AR312 US-01 ARPT 12184 Clay Arkansas 2014  
AR313 US-01 ARPT 12184 Clay Arkansas 2014  
AR314 US-01 IRBL 11-ZH Stuttgart Arkansas 2014  
AR315 US-01 IRBL 11-ZH Stuttgart Arkansas 2014  
AR316 ND IRBLKS-F5 Stuttgart Arkansas 2014  
AR317 US-04 IRBLKS-F5 Stuttgart Arkansas 2014  
AR318 ND IRBLKS-F5 Stuttgart Arkansas 2014  
AR319 US-04 Jupiter Cross Arkansas 2014  
AR320 US-04 CL-151 Cross Arkansas 2014  
AR321 US-04 Jupiter Craighead Arkansas 2014  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
 
Isolate VCGa  Cultivarb County State Year   
AR322 US-04 Jupiter Craighead Arkansas 2014  
AR323 US-04 Jupiter Craighead Arkansas 2014  
AR324 US-04 Jupiter Craighead Arkansas 2014  
AR325 US-04 Jupiter Craighead Arkansas 2014  
AR326 US-04 Jupiter Craighead Arkansas 2014  
AR327 US-04 Jupiter Craighead Arkansas 2014  
AR328 US-04 Jupiter Craighead Arkansas 2014  
AR329 ND CL-151 Clay Arkansas 2014  
AR330 US-01 CL-151 Clay Arkansas 2014  
AR331 US-01 CL-151 Clay Arkansas 2014  
AR332 US-01 CL-151 Clay Arkansas 2014  
AR333 ND CL-151 Clay Arkansas 2014  
AR334 US-01 CL-151 Clay Arkansas 2014  
AR335 US-01 CL-151 Clay Arkansas 2014  
AR336 US-01 CL-151 Clay Arkansas 2014  
AR337 US-01 CL-151 Clay Arkansas 2014  
AR338 US-01 CL-151 Clay Arkansas 2014  
AR339 US-01 CL-151 Clay Arkansas 2014  
AR340 US-01 CL-151 Clay Arkansas 2014  
AR341 US-01 CL-151 Clay Arkansas 2014  
AR342 US-01 CL-151 Clay Arkansas 2014  
AR345 ND CL-151 Clay Arkansas 2014  
AR346 ND CL-151 Clay Arkansas 2014  
AR347 US-04 CL-151 Clay Arkansas 2014  
AR348 US-04 Jupiter Craighead Arkansas 2014  
AR349 US-04 Jupiter Craighead Arkansas 2014  
AR351 US-04 Jupiter Craighead Arkansas 2014  
AR352 US-04 Jupiter Craighead Arkansas 2014  
AR353 US-01 Jupiter Craighead Arkansas 2014  
AR354 ND Jupiter Craighead Arkansas 2014  
AR356 US-04 Jupiter Craighead Arkansas 2014  
AR357 US-04 Jupiter Craighead Arkansas 2014  
AR358 ND CL-151 Cross Arkansas 2014  
AR359 US-01 CL-151 Cross Arkansas 2014  
AR361 US-01 CL-151 Cross Arkansas 2014  
AR362 US-01 CL-151 Cross Arkansas 2014  
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Table 1.  The origin and vegetative compatibility group of isolates of the U.S. 
collected from rice during the years 2012, 2013 and 2014 (Contin.). 
 
Isolate VCGa  Cultivarb County State Year   
AR363 US-01 CL-151 Cross Arkansas 2014  
AR365 US-01 CL-151 Cross Arkansas 2014  
AR366 US-01 CL-151 Cross Arkansas 2014  
AR367 US-01 IRBLkKA Stuttgart Arkansas 2014  
AR368 US-01 IRBLKS-F5 Stuttgart Arkansas 2014  
AR369 US-01 IRBLKS-F5 Stuttgart Arkansas 2014  
AR370 US-01 IRBLKS-F5 Stuttgart Arkansas 2014  
AR371 US-01 IRBLKS-F5 Stuttgart Arkansas 2014  
AR372 US-01 IRBLKS-F5 Stuttgart Arkansas 2014  
AR373 US-01 IRBL 11-ZH Stuttgart Arkansas 2014  
AR374 US-01 IRBL 11-ZH Stuttgart Arkansas 2014  
AR374 US-01 IRBL 11-ZH Stuttgart Arkansas 2014  
AR375 US-01 IRBL 11-ZH Stuttgart Arkansas 2014  
AR376 US-01 CL-151 Clay Arkansas 2014  
AR377 ND CL-151 Clay Arkansas 2014  
AR378 ND IRBLKS-F5 Stuttgart Arkansas 2014  
AR379 US-01 IRBLKS-F5 Stuttgart Arkansas 2014  
AR380 US-01 IRBLKS-F5 Stuttgart Arkansas 2014  
AR382 US-01 ARPT 12183 Clay Arkansas 2014  
AR383 US-04 Jupiter Cross Arkansas 2014  
AR384 US-04 Jupiter Craighead Arkansas 2014  
AR385 US-01 CL-151 Cross Arkansas 2014  
AR386 US-01 ARPT 12184 Clay Arkansas 2014  
AR387 US04 Jupiter unknown Arkansas 2014  
AR388 US-01 IRBL 11-ZH Stuttgart Arkansas 2014  
AR389 US-01 IRBL 11-ZH Stuttgart Arkansas 2014  
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Table 2. The origin, year of collection, race and vegetative compatibility                               
groups of the 45 reference, archived and contemporary isolates of the                                       
U.S. that were used in the pathotyping test.  
Isolate VCGa Raceb Location Year 
A598 US-01 IB49 Arkansas 1992 
LU115 US-01 Undetermined Louisiana 2012 
LU32 US-01 Undetermined Louisiana 2012 
LU47 US-01 Undetermined Louisiana 2012 
LU64 US-01 Undetermined Louisiana 2012 
LU87 US-01 Undetermined Texas 2010 
LU910 US-01 Undetermined Texas 2010 
ZN15 US-01 IB1 Texas 1996 
ZN36 US-01 IE1 Louisiana 1996 
ZN41 US-01 IE1 Florida 1996 
ZN46 US-01 IC1 Florida 1996 
#24 US-02 IG1 Arkansas 1992 
A264 US-02 IC17 Arkansas 1993 
LU35 US-02 Undetermined Louisiana 2012 
LU39 US-02 Undetermined Louisiana 2012 
TM2 US-02 K - - 
ZN19 US-02 IE1K Missouri 1993 
ZN5 US-02 IE1 Texas 1995 
ZN7 US-02 IE1 Texas 1995 
49D US-03 IB49 Arkansas 1992 
A119 US-03 IB49 Arkansas 1992 
ZN17 US-03 IB49 Missouri 1992 
ZN62 US-03 IB49 Arkansas 1992 
ZN9 US-03 IE1 Texas 1995 
LU1010 US-04 Undetermined Louisiana 2012 
LU128 US-04 Undetermined Louisiana 2012 
LU14 US-04 Undetermined Louisiana 2012 
LU21 US-04 Undetermined Louisiana 2012 
LU27 US-04 Undetermined Louisiana 2012 
ZN37 US-04 IB49 Louisiana 1996 
ZN39 US-04 IG1 Louisiana 1996 
ZN68 US-04 IG17 Arkansas 1992 
ZN69 US-04 IG17 Arkansas 1992 
ZN70 US-04 IC17 Arkansas 1992 
63601 Unknown Undetermined Texas 2010 
aVegetative compatibility group. 
brace previously described by Correll et al. 2000. 
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Table 2. The origin, year of collection, race and vegetative 
compatibility groups of the 45 reference, archived and 
contemporary isolates of the U.S. that were used in the 
pathotyping test (Contin.). 
Isolate VCGa Raceb Location Year 
63603 Unknown Undetermined Texas 2010 
IB33 Unknown Undetermined Unknown Unknown 
IB54 Unknown Undetermined Unknown Unknown 
JUM1 Unknown Undetermined Texas 2010 
JUM2 Unknown Undetermined Texas 2010 
JUM3 Unknown Undetermined Louisiana 2012 
UZR1 Unknown Undetermined Texas 2010 
UZR2 Unknown Undetermined Texas 2010 
UZR3 Unknown Undetermined Texas 2010 
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Table 3. Percent resistance levels of R genes against 45 isolates as represented by the percent 
incompatible reactions. The R genes are in two susceptible background cultivars (LTH and 
CO39) that were included in the pathotyping test. 
Genotype  
(R gene) 
Recurren
t Parent 
Incompatible 
reactions (%) 
Genotype  
(R gene) 
Recurrent 
parent 
Incompatible 
reactions (%) 
LTHa  26 CO39
b  36 
IRBLks-F5 (Pik-s) LTH 22    
IRBL3-CP4 (Pi3) LTH 22    
IRBL19-A (Pi19) LTH 26    
IRBLta-CP1 (Pita) LTH 27    
IRBLk-KA (Pik) LTH 36 IR 85420 (Pik) CO39 47 
   IR 85419 (Pik) CO39 40 
IRBLi-F5 (Pii) LTH 36    
IRBLkp-K60(Pik-p) LTH 36 IR 85422 (Pik-p) CO39 49 
IRBL1-CL (Pi1) LTH 40 IR 85411 (Pi1) CO39 56 
IRBLa-A (Pia) LTH 45    
IRBLta-CT2 (Pita) LTH 47 IR 85426 (Pita) CO39 71 
   IR 93324 (Pita) CO39 51 
IRBLks-S (Pik-s) LTH 49 IR 85423 (Pik-s) CO39 44 
IRBLkh-K3(Pik-h) LTH 49    
IRBLz-FU (Piz) LTH 51    
IRBL7-M (Pi7(t)) LTH 51 IR 85414 (Pi7(t)) CO39 73 
IRBLzt-T (Piz-t) LTH 62 IR 85429 (Piz-t) CO39 89 
IRBLsh-B(Pish) LTH 69 IR 93322 (Pish) CO39 91 
   IR 85430  (Pish) CO39 89 
   IR 85424 (Pish) CO39 89 
IRBLt-K59 (Pit) LTH 73    
IRBL20-IR24 
(Pi20(t)) LTH 76    
IRBLza-CA (Piz-5) LTH 80 IR 85427 (Piz-5) CO39 93 
IRBL5-M (Pi5(t)) LTH 80 IR 85413 (Pi5(t)) CO39 64 
IRBLta2-PI (Pita2) LTH 87 IR 93323 (Pita-2) CO39 93 
IRBLta2-RE (Pita2) LTH 89 IR 85425 (Pita-2) CO39 93 
   IR 93325 (Pita-2) CO39 89 
IRBLz5-CA (Piz-5) LTH 87    
IRBLsh-S(Pish) LTH 89    
IRBLb-B (Pib) LTH 93 IR 85417 (Pib) CO39 96 
IRBL12-M (Pi12(t)) LTH 93    
IRBL11-ZH 
(Pi11(t)) LTH 96    
IRBL9-W (Pi9(t)) LTH 98    
a,bRecurrent, susceptible parents used as background cultivars. 
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Table 4. The comparison of the R gene source effects on the overall reactions as shown  
by the percentage of incompatible/compatible reactions. The reactions were based on 
inoculations of 45 isolates of the U.S. 
R gene  Background 
 CO39a LTHb 
 
Incompatible 
reactions (%) 
Compatible 
reactions (%) 
Incompatible 
reactions (%) 
Compatible 
reactions (%) 
Pi7 73 27 47 53 
Pish 89 11 64 36 
Pish 89 11 82 18 
Pish 91 9   
Pita 71 29 38 62 
Pita 51 49 36 64 
Pizt 89 11 53 47 
a,bRecurrent, susceptible parents used as background cultivars. 
 
 
 
Table 5. The number of isolates of the U.S. in each of the  
four common vegetative compatibility groups of the U.S.  
recovered during the years 2012, 2013 and 2014. 
Year Number isolates in VCGa  
 US-01 US-02 US-03 US-04 Total 
2012 50 (62%) 6 (7%) 0 25 (31%) 81 
2013 146 (61%) 5 (2%) 0 88 (37%) 239 
2014 81 (75%) 0 0 27 (25%) 108 
Total 277 (65%) 11(3%) 0 140 (33%) 428 
aVegetative compatibility groups. 
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Fig. 1. Dendrogram of the 29 isolates based on their virulence reactions to 19 near isogenic lines on CO39                    
background generated by UPGMA with NTSYS-pc ver. 2.1. 
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Fig. 2. Dendrogram of 32 isolates based on their virulence reactions on 29 monogenic lines on LTH                                
background generated by UPGMA with NTSYS-pc ver. 2.1. 
 
Fig.2. Dendrogram of the forty five isolates of Magnaporthe oryzae based on their virulence reactions to twenty nine monogenic 
lines on LTH background generated by UPGMA with NTSYS-pc ver. 2.1 
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Fig. 3. Virulence spectrum of the 45 isolates of the U.S. against the 24 R genes contained in the differentials on LTH background. R 
genes in the Y-axis, and isolate in the X-axis. Colors: red =Virulent on R gene and green = avirulent on R gene.  
4
8
 
 
  
49 
 
 
 
 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
Jumli
dhan
UZROSZ 5 6360 M204 Francis NERICA
12
NERICA
15
NERICA 2 NERICA 5
P
e
rc
e
n
t 
o
f 
in
co
m
p
at
ib
le
 r
e
ac
ti
o
n
Rice cultivar
Fig. 4. Percentage of incompatible reactions of U.S. susceptible cultivars Jumli dhan,      
UZ ROSZ5, 6360, M204 and Francis and NERICA based on the reactions of 45 U.S. 
isolates. 
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Fig. 5. Mean disease reactions of the seven commercial cultivars and the susceptible check   
Jumli dhan against 20 isolates; 10 each from the VCG US-01 and US-04. The mean disease 
score was obtained from three independent tests. 
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Fig. 6 (a). Mean disease reactions of U.S. commercial cultivars (Mermentau, Colorado and 
CL151) against 10 isolates each from the VCG US-01 and US-04. The mean disease score was 
obtained from three independent tests. 
0
1
2
3
4
5
6
7
8
9
M
ea
n
 d
is
ea
se
 s
co
re
Isolate
Mermentau
0
1
2
3
4
5
6
7
8
9
M
ea
n
 d
is
ea
se
 s
co
re
Isolate
Colorado
0
1
2
3
4
5
6
7
8
9
M
ea
n
 d
is
ea
se
 s
co
re
Isolate 
CL151
  
52 
 
 
 
Fig. 6 (b). Mean disease reactions of U.S. commercial cultivars (CL152, RU1201136 and 
Jupiter) cultivars against 10 isolates each from the VCG US-01 and US-04. The mean disease 
score was obtained from three independent tests. 
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Fig. 6 (c). Mean disease reactions of U.S. susceptible check cultivar Jumli dhan and commercial 
cultivar RU1201061 against 10 isolates each from the VCG US-01 and US-04. The mean disease 
score was obtained from three independent tests. 
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Chapter III: Assessment of genetic and virulence diversity of Magnaporthe oryzae in Africa   
Abstract 
Rice blast disease, caused by Magnaporthe oryzae, is a major challenge to rice 
production in Africa.  To develop appropriate blast resistance breeding strategies, pathogen 
genetic diversity and virulence spectrum in a collection of 122 isolates from nine African 
countries (Benin, Burkina Faso, Ghana, Kenya, Nigeria, Tanzania, Togo, and Uganda) was 
assessed. Genetic diversity of the isolates was assessed using vegetative compatibility grouping. 
Virulence spectrum was assessed through pathotyping using a panel of 40 rice genotypes 
consisting of rice differential lines carrying 24 resistance genes (R genes), previously developed 
by the International Rice Research Institute (IRRI), interspecific lines, African rice cultivars, and 
US susceptible check cultivars. Based on the percentage of rice genotypes with disease 
symptoms, the virulence ranged between 0 to 94%. Two isolates were avirulent to all rice 
genotypes, while three other isolates were virulent to 94% of the rice genotypes. The IRRI 
differentials and rice genotypes differed in resistance to the pathogen collection. The Pi9 R gene 
donor line 75-1-127 conferred resistance against the most isolates (95%) followed by four 
African rice cultivars, with unknown R genes. Lines conferring the least resistance (6%) included 
those carrying Pita and Pi3 R genes. Isolates were in one to four vegetative compatibility groups 
(VCGs) that were unique to each country, whereas there was little correspondence in virulence 
among isolates in the same VCG. Based on pathotyping results, the proposed breeding strategy 
to control blast for East Africa would be the introgression of Pi9 into NERICA 12 or the 
pyramiding of Pi9 and Piz-5 into NERICA 2. The first option for West Africa would be to 
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pyramid the R genes Pi9, Pita 2 and Pik-m into the rice cultivar F6-36 or pyramiding of Pi9,   
Pik-s, and Pik-m into the rice cultivar FKR62N.  
Introduction 
Rice (Oryza sativa L.), is one of the most important crops globally and is steadily 
becoming a staple food to an increasing number of people in Africa (Sere et al. 2013). In spite of 
its importance, the production of rice in Africa is outstripped by the demand from imports (Saito 
et al. 2013). To meet the increasing demand and to ensure food security in Africa, there is a need 
to increase the area under rice production in Sub-Saharan Africa (Saito et al. 2013). Among the 
limitations to increased rice production in Sub-Saharan Africa is rice blast, a devastating fungal 
disease caused by the ascomycete fungus Magnaporthe oryzae (B. Couch) (= Pyricularia 
oryzae) (Sere et al. 2013). Unfortunately, rice in Africa is produced in environments that favor 
blast disease development particularly the upland environments. Furthermore, most of the rice in 
Sub-Saharan Africa is produced by small-scale farmers who cannot afford fungicides (Saito et al. 
2013). There is a need to adopt sustainable and farmer-friendly blast control methods such as 
breeding for durable resistance in African rice cultivars. 
Magnaporthe oryzae is a hemibiotrophic pathogen of rice with its center of origin in 
South East Asia (Saleh et al. 2014;  Tharreau et al. 2009).  The pathogen reproduces mainly 
asexually but has a high potential for gene flow spreading globally through trade of infected rice 
seed (Ballini et al. 2008;  McDonald and Linde 2002). The first rice blast disease incidence was 
reported in Africa in 1922 (Bidaux 1978) and the disease has since invaded all rice growing areas 
in Sub-Saharan Africa (Sere et al. 2013). The pathogen infects and causes damage to rice plants 
at all stages of growth leading to blast symptoms (elliptical grey-white lesions) which appear on 
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above-ground organs such as the leaf, collar, neck, node, and seed (Zhu et al. 2005). Neck blast 
symptoms are associated with higher crop damage, and have been reported to cause heavy yield 
losses of up to 100% in Sub-Saharan Africa (Sere et al. 2013).  
For successful host colonization in new environments, plant pathogens evolve adaptation 
traits which enhances their spread and fitness (McDonald and Linde 2002). Grouped as an 
intermediate pathogen in a risk model for breaking host resistance, M. oryzae possesses high 
gene flow potential, which when combined with mutation to virulence increases the fitness to 
new environments (McDonald and Linde 2002;  Tharreau et al. 2009). Furthermore, studies have 
shown that the pathogen could acquire additional fitness through sexual and parasexual 
recombination mechanisms under field conditions (Hayashi et al. 1997;  Silue and Notteghem 
1990;  Tharreau et al. 2009;  Valent and Chumley 1991). 
There is need to analyze the genetic relatedness and diversity of a pathogen in order to 
understand the evolutionary events and how this relates to pathogen fitness. For fungi, the ability 
to form stable heterokaryons between two isolates is an important trait that could enhance 
increased genetic diversity through parasexual recombination (Noguchi et al. 2006;  Zeigler et al. 
1997). Assessment of vegetative compatibility, based on complementation of nitrate non-
utilizing mutants, has been useful in characterizing the genetic relatedness of most fungi, 
including M. oryzae (Correll et al. 2000;  Correll et al. 1987;  Leslie 1993). For example, over 
the last few decades, certain distinct vegetative compatibility groups (VCGs) were identified and 
isolates belonging to specific VCGs have been found to be more abundant in rice fields in USA 
(Correll et al. 2009). In the current study, genetic relatedness of African isolates of M. oryzae 
was assessed using vegetative compatibility testing. 
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Magnaporthe oryzae (as is the case with most plant pathogens) must acquire, evolve or 
retain their virulence across geographical locations for perpetual parasitism and fitness 
(McDonald and Linde 2002;  Valent and Chumley 1991;  Zeigler et al. 1995). Although             
M. oryzae mainly reproduces clonally, differences in gene flow, adaptation mechanisms and 
other sources of genetic variation (e.g., mutations, sexual and parasexual recombination), the 
virulence spectrum of M. oryzae isolates could vary greatly among and within pathogen 
populations (Sere et al. 2013;  Tharreau et al. 2009;  Valent and Chumley 1991). For example, 
pathogen populations with distinct virulence spectra (pathotypes) were reported among isolates 
from Asia and those from Africa, but not among isolates of European and African origins (Sere 
et al. 2007). The differences in virulence across environments calls for research to study the 
genetic variations and the virulence spectrum of the pathogen population in order to identify the 
most effective resistance breeding strategy for the target regions. 
Blast resistance has been identified and is qualitative in nature (mainly controlled by one 
or few major resistance genes, R genes) (Miah et al. 2013;  Valent and Chumley 1991).  Several 
major blast resistance genes have been cloned and bred into rice cultivars in different parts of the 
world, but little progress has been made in Sub-Saharan Africa (Miah et al. 2013). Furthermore, 
the identified R genes could be effective only for certain regions, and are frequently faced with 
risk of being overcome (McDonald and Linde 2002). The recognized regional differences in 
blast pathogen pathotypes imply a challenge in deployment of R genes. Loss of qualitative 
disease resistance is dependent on pathogen’s avirulence status and crop varietal deployment (De 
Wit 1992;  McDonald and Linde 2002). The most economical strategy for overcoming the risk of 
regular loss of resistance by a pathogen such as M. oryzae is to pyramid R genes into an adapted 
rice variety and/or deployment of multi-lines (McDonald and Linde 2002).  In order to determine 
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which of the known R genes could to be pyramided to achieve durable blast control in the target 
region, it is imperative to characterize the virulence spectrum of the pathogen population. Before 
this study, the virulence spectrum of the African M. oryzae population had not been well-
characterized.  
Characterization of pathogen virulence (pathotyping) can be achieved using rice lines 
carrying known R genes. Cultivars with known blast R genes could be either inoculated or 
evaluated under controlled conditions in the greenhouse, or under trapping nurseries in blast 
prone areas (Correa-Victoria and Zeigler 1993;  Sere et al. 2007).  Recently, the International 
Rice Research Institute (IRRI) developed a panel of rice monogenic lines carrying 24 R genes on 
a susceptible Japonica background, Lijiangxintaunheigu (LTH) (Fukuta et al. 2004). These lines, 
later termed as IRRI differential lines (IRBLs), form a universal pathotyping panel and have 
been used to characterize the virulence spectrum of blast isolates from six West-African 
countries (Odjo et al. 2014). In this study, IRBLs and some African rice germplasm (including 
New Rice for Africa (NERICA) 2, 4, 5, 12, and 15), other interspecific cultivars, and African 
rice cultivars were used to characterize the virulence of a diverse collection of isolates of          
M. oryzae from West and East Africa. Some of the African rice genotypes included in the 
pathotyping panel had been reported to be resistant to rice blast in West-African countries, and 
were re-assessed on a wider pathogen population in my current study (Odjo et al. 2014).  
The objectives of this study were to: 1) Characterize the genetic relatedness of East and 
West- African isolates of M. oryzae using vegetative compatibility testing, 2) Assess the 
virulence spectrum of the African collection of the blast pathogen, 3) Assess the utility of the 
novel African germplasm in blast resistance breeding, and 4) use the pathotyping results to 
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identify the appropriate R gene pyramiding strategy to achieve durable rice blast resistance in 
Africa. 
Materials and Methods 
Fungal collection.  The M. oryzae population consisted of 122 isolates from nine African 
countries including Benin, Burkina Faso, Ghana, Kenya, Nigeria, Tanzania, Togo, and Uganda 
(Table 1). A subset of the 85 isolates from West African countries, which were selected to 
represent a wide diversity of the population that was established based on single sequence repeat 
markers, were kindly provided by Dr. Didier Tharreau (French Agricultural Research Centre for 
International Development). Additional 42 isolates were collected by collaborators in the rice 
blast project which was a part of and supported through the Sustainable Crop Production 
Research for International Development (SCPRID) initiative funded by the Bill and Melinda 
Gates Foundation through the British Biological and Biotechnological Research Council 
(BBSRC) between 2012 and 2014. In addition to the 122 isolates that were pathotyped, 23 and 
82 additional isolates from Burkina Faso and Kenya, respectively, from the BBSRC pathogen 
collection, were characterized for VCG. 
Handling and preparation of fungal cultures. All fungal cultures were multiplied in 
rice bran agar (RBA) and stored on dry filter papers in vial at -20oC prior to use. To produce 
inoculum, the fungus was induced to sporulate by growing it on RBA under direct white light for 
seven days. The spores were then washed from the media surface using 0.2% Tween 20 solution, 
and normalized to a concentration of 2 x 105 conidia/ml using a hemocytometer. 
Fungal characterization based on vegetative compatibility. The analysis of VCG was 
performed using the procedure described by Correll et al. 2000. Briefly, nitrate non-utilizing (nit) 
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testers (a unique mutant with the ability to form a heterokaryon with multiple other individual 
mutants) were recovered from 2-3 isolates per country. The nit mutants are characterized by thin 
mycelial growth on minimal media (Correll et al. 2000). To recover nit testers, between 20 to 30 
nits each were generated by growing isolates on a minimal media amended with 5% potassium 
chlorate. The nits were paired in a plate of 10 individual nits to identify the unique mutant which 
formed a heterokaryon (complementation of the mutation which is characterized by a vigorous 
mycelial growth formed at the junction of the spread of the two mutants on minimal media) with 
the majority of the other mutants within the plate. The testers were sub-cultured, grown on rice 
bran agar, and stored on filter papers as earlier described. To test for complementation of the rest 
of the isolates, a single nit mutant was generated for each of the isolates. The single nits were 
thereafter paired with the testers within and among countries. Data was collected on the ability of 
the isolates to form a heterokaryon with the tester within 21 days. Isolates were assigned to a 
VCG based on the identity of the testers with which they successfully complemented.   
Rice germplasm. The germplasm used consisted of genotypes with 24 known blast R 
genes, susceptible checks (previously identified based on response to M. oryzae population from 
U.S. and Asia), and several African lines (Table 2). The genotypes carrying the 24 R genes were 
monogenic lines on the susceptible background of the Asian rice (Japonica) cultivar, 
Lijiangxituanheigu, LTH (Kobayashi et al. 2007;  Tsunematsu et al. 2000) and were kindly 
provided together with the recurrent parent, LTH cultivar, by IRRI. The cultivar 75-1-127 (Pi9 
donor) was provided by Wang Lab (Ohio, U.S.A). The susceptible checks M204, UZR275, and 
Jumli dhan were available in the Correll lab and had been previously used in pathotyping of 
isolates from the U.S. (Rotich et al., 2015, unpublished). Cultivars AR105 (Oryza glaberrima, 
commonly known as African rice), F6-36 and “New Rice for Africa” (NERICA) lines were 
 61 
 
provided by Dr. Ouédraogo (INERA-Burkina Faso). The NERICA lines were developed by 
AfricaRice from a cross of the African rice (O. glaberrima) and O. sativa in an effort to enhance 
increased regional rice production by breeding for important traits on well-adapted African 
germplasm for cultivation under upland conditions (Jones et al. 1997). The interspecific 
NERICA cultivars had previously been screened for response to a collection of isolates of        
M. oryzae from Western-African countries, but not to a wider population from the African 
continent (Singh et al. 2000). Due to inadequate amount of seed, the rice cultivars Jumli dhan, 
AR 105 and F6-36 were inoculated with only a subset of the 122 isolates (Table 4). 
Virulence characterization of the fungal population. Isolates were assessed for the 
reaction they caused when inoculated on the rice panel (pathotyped) as described earlier (Xia et 
al. 1993) with some modification. Briefly, the rice panel were grown on a rectangular tray (50.8 
x 35.5 x 6.9 cm) in a greenhouse (temperature range of 19-26oC) and inoculated with individual 
isolates  at the two to three leaf stage in two to four experiments. Each rice genotype was 
represented by a hill of 10-15 seedlings, which were sown on a tray containing 2:1 potting 
mixture of sandy soil and Sunshine LC1 (Planet Natural Inc., Bozman, MT). Seedlings were 
inoculated with fungal conidial suspension at a concentration of 2 x 105 conidia/ml using an 
atomized compressed sprayer (Xia et al. 1993). Inoculated seedlings were incubated in a dew 
chamber (relative humidity of approximately 100%; temperature, 21-23oC) for 24 hours prior to 
transferring them back to the greenhouse.  Foliar blast was evaluated at 7 days after inoculation 
on a 0-9 disease score (Correll et al. 2009;  Xia et al. 1993), where 0 = no symptoms, 1-3 varying 
degrees of hypersensitive reaction, and 4-9 varying degrees of blast severity. Pathogenicity tests 
were performed three times. 
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Statistical analysis. Disease reactions were coded as follows: 0-3 (resistance) was coded 
as 0, while 4-9 (susceptible) was coded as 1. The performance of the African lines was compared 
using least square means using Tukey’s HSD. The maximum disease reactions for lines with 
known R genes were converted into binary data as previously described. The percent proportions 
of avirulent reactions were then used to demonstrate the effectiveness of each of the differential 
line. Heat maps of disease reactions were produced using JMP ver. 12. To evaluate virulence of 
isolates within a VCG, isolates from three VCGs (BF-1, NG-1 and TZ-1) that had significantly 
high number of isolates in their VCGs were compared for virulence.  
Results 
The fungal collection characterized in this study consisted of a varying number of isolates 
which were collected from rice plants in each of nine African countries (Table 1). Out of the 122 
isolates that were pathotyped, Nigeria had the largest sample size (n=33; 27%), followed by 
Tanzania (n=23; 19%) and Benin (n=19; 16%), while Mali and Ghana were represented by three 
isolates each (Table 1). Characterizations based on the differential rice panel and vegetative 
compatibility showed differences in virulence and genetic relatedness of the isolates.  
Characterization of the fungal isolates based on VCG showed that there were no common 
VCGs among countries (Table 3). Generally, identification of VCGs was affected by the 
challenges in obtaining testers within isolates of a country. One VCG each was found for isolates 
from each of the following countries: Benin, Burkina Faso, and Togo. Two VCGs were 
identified for isolates from Ghana, Tanzania and Uganda. For Kenyan isolates, there were four 
VCGs (data not shown). For countries with one VCG, Burkina Faso had the largest sample size 
of 38. For countries with more than one VCG, only Nigeria had the majority of the isolates 
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(76%) falling to one of the two VCGs. Similar proportion of isolates were observed within the 
VCGs of Tanzania, Kenya, Uganda and Ghana (Table 3).  
The response of African rice germplasm and susceptible checks, previously identified in 
other regions, to the African blast pathogen isolates were assessed based on mean disease scores 
(Table 4). Susceptible genotypes, with an average disease score >4 (on a scale of 0-9) included 
Jumli dhan, Lijiangxituanheigu (LTH), M204, and UZ R0SZ 5 (Table 4). It should be noted that 
the reactions of Jumli dhan were based on fewer number of isolates compared to other lines 
which were tested against 122 isolates. The NERICA lines included in this study did not differ in 
their mean disease scores that ranged from 2.2-3.3 (Table 4). The disease scores of the NERICA 
lines did not differ from those of the African interspecific line FKR62N (Table 4). Cultivars 
AR105 and F6-36 were resistant to most of the isolates tested, but only a subset of isolates were 
tested on AR105 (n=46) and F6-36 (n=81) as compared to other lines which were inoculated 
with 122 isolates (Table 4).   
Rice lines which conferred resistance to most isolates were AR105 (overall, 95%; East 
Africa, 96%; West Africa, 91%) and F6-36 (overall, 83%; East Africa, 96%; West Africa, 75%) 
(Fig.1, 2 and 3). The proportion of isolates for which the NERICA lines were resistant to by 
region were as follows: East Africa (68-81%) and West Africa (57-75%) (Fig. 2 and 3). For East 
Africa, the NERICA lines which were resistant to most isolates were in the descending order of 
NERICA 15, NERICA 5, and NERICA 2 and NERICA 12 (Fig. 3). For West Africa, the 
NERICA lines which were resistant to most isolates were in the descending order of NERICA 
15, NERICA 4, NERICA 2, and NERICA 5 (Fig. 3). Except for TS2, the remainder of the 
African cultivars and the interspecific cultivars included is this study conferred resistance to 
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isolates ranging from 54-94% (Fig. 1). However, it should be noted that lines AR105 and F6-36 
were tested on fewer isolates than the other genotypes. 
For the rice differential lines carrying known resistance, the line 75-1-127 (Pi9 donor), 
conferred resistance to 95% of the African isolates, followed by Pita 2 (58%) (Fig. 1). 
Unexpectedly, the IRRI blast differential line containing Pi9 conferred resistance to only 56% of 
the isolates tested. Lines which conferred resistance to a proportion of isolates below (2.5-18%) 
were those carrying the R genes Pita, Pi3, Pii, Pi19, Pit, Pik-5, Pik, Pia, Piz-t, and Pi7(t) (Fig. 
1).  
The virulence of isolates on a regional basis was assessed by splitting the pathogen 
population into East and West-Africa regions. The isolates from East Africa included isolates 
from Kenya, Uganda and Tanzania while West-Africa isolates were from Benin, Burkina Faso, 
Ghana, Mali, Nigeria and Togo. For the isolates from East Africa, the pathotyping panel 
conferred resistance to isolates ranging from 0-96%. The order of lines which conferred 
resistance to most isolates were as follows: 75-1-127 (Pi9 donor line), Pi12 (t), IRBL9-W (Pi9 
differential line) and Pi11. Rice lines which conferred resistance to a proportion of isolates 
below (0-12.5%) included those carrying Pi3, Pita, Pi19, Pik, Pii, Pik-5, Pit, Pi7(t), and Pi1 
(Fig. 2). For the isolates from West-Africa, the pathotyping panel conferred resistance to isolates 
ranging from 2.5-95%. The order of lines which conferred resistance to most isolates was as 
follows: 75-1-127 (Pi9) (most resistant) followed by Pita2 then IRBL 9-W (Pi9) (Fig. 3). Lines 
which conferred resistance to a proportion of isolates below (2.5-12.5%) of the population mean 
included those carrying Pita, Pi3, Pii, Pit, Pik-5, Pia, Pii, Pi9, and Piz-t (Fig. 3).  
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A comparison of mean virulence scores showed significant differences (p<0.0001) in 
virulence of VCGs across countries (Table 3). The least mean disease scores were observed in 
VCGs of Uganda and Kenya, while the highest virulence were observed in VCGs of Togo, 
Tanzania and Ghana (Table 3). Because some VCGs had few samples, investigation of whether 
isolates within a VCG had similar disease reactions was performed based on data from three 
VCGs (Fig. 4 and 5). A sorted graphical representation showed that the majority of the isolates in 
BF-1 had a high similarity in disease reactions and were mainly avirulent to most lines. 
However, one isolate of the VCG BF-1 was highly virulent and showed similar disease reactions 
to the rice lines as was with most of the isolates in the VCG TZ-1 (Fig. 4). The reaction patterns 
of most isolates in the VCGs NG-1 and TZ-1 were similar (Fig. 4). The similarity in disease 
reactions of isolates within VCGs was confirmed by performing cluster analysis of isolates based 
on un-weighted pair group method with arithmetic mean (UPGMA) (Fig. 5).  
Based on the results of the pathotyping in the current study, breeding strategies to control 
blast for each of the regions, East and West Africa were proposed. The first option for West 
Africa would be to pyramid Pi9, Pita 2 and Pik-m into the rice cultivar F6-36 and a second 
option would be to pyramid Pi9, Pik-s, Pik-m into FKR62N cultivar. The option for East Africa 
would be the introgression of Pi9 into NERICA 12 or the pyramiding of Pi9 and Piz-5 into 
NERICA 2. 
Discussion 
The rice being produced in Africa has not been able to match the demand that exists. In 
order to bridge the rice demand gap in Africa, losses due to diseases such as rice blast disease 
need to be contained. Rice blast management using host resistance is the most preferred and 
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effective option for rice growers in regions such as Africa where resources to use other blast 
disease control options such as fungicides can be limited (Sere et al. 2007). In order to rationally 
utilize the available R genes or resistant cultivars for the management of blast disease, 
understanding of the pathogen virulence phenotypes is important. The advantage of using 
differential cultivars with known R genes in assessing the virulence phenotypes of isolate 
population is that the information obtained can guide the R gene deployment strategy to be 
adopted. Additionally, the inclusion of commercial rice cultivars in pathotyping as used in my 
study provides information on the resistance levels of the tested cultivars hence their suitability 
in the management of blast disease.  
There was a wide distribution of virulence spectrum among the isolates used in this study 
that ranged from isolates that were avirulent to all genotypes to isolates that were virulent to a 
majority of genotypes. The wide spectrum of virulence of isolates of M. oryzae from Africa 
could be indicative of the wide diversity of rice genotypes under production in Africa. Africa has 
a long history of rice production which represents diverse rice production ecologies that 
determines what rice genotypes are produced. The rice blast pathogen would most likely evolve 
in virulence depending on the rice genotypes that are under cultivation. 
The high effectiveness of the R gene Pi9 against a majority of the blast isolates as 
observed in this study is similar to what has been reported in other studies. Previously, Pi9 was 
found to be quite effective against isolates from six African countries of Benin, Burkina Faso, 
Guinea, Mali and Nigeria (Séré et al. 2011). The same high levels of effectiveness of Pi9 on blast 
isolates were also recorded in studies in the U.S. and China (Odjo et al. 2014;  Wang et al. 2015;  
Wang et al. 2013). The R gene Pi9 obtained from Oryza minuta is effective against a broad range 
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of M. oryzae strains (Amantebordeos et al. 1992). Apart from Pi9 being a broad spectrum R 
gene, the existence of high frequency of isolates avirulent to Pi9 in this study could be indicator 
that Pi9 may not have been used in Africa before. It is generally expected that isolates virulent to 
a specific R gene tend to increase with the continued use of that particular R gene (Ahn 2000).  
Previous reports of blast resistance in O. glaberrima, NERICA and other interspecific 
cultivars from Africa were supported by the results of this study. The resistance of NERICA and 
other interspecific cultivars might have been derived from the O. glaberrima parents that are 
known to be highly resistant to blast (Jones et al. 1997). Studies have shown that most of the 
NERICA genotypes together with other interspecific lines are resistant to blast (Singh et al. 
2000). However, no attempts have been made to find what resistance genes are responsible for 
the high blast resistance in O. glaberrima or the interspecific cultivars. It can be speculated that 
possibly multiple R genes and or minor genes could be involved. Future efforts should focus on 
the characterization of the resistance in O. glaberrima and interspecific cultivars, to enable the 
full exploitation of resistance in these lines. Rational use of these resistant cultivars and the 
effective R genes such as Pi9 could possibly help to achieve durable blast resistance in Africa.  
Considering that no single R gene or rice cultivar was effective against all isolates tested, 
pyramiding of genes would be the best option to accomplish effective blast disease control in 
Africa. The proposition of a gene pyramiding strategy per region as proposed in this study would 
be the most appropriate given the wide geographical distances that separate East and West 
Africa. It is also expected that pyramiding genes would enable the resistance to be broad-based 
in order to reduce the selection pressure on the pyramided R genes hence possibly enhancing 
their durability.  
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The discrepancy in disease scores that was observed between Pi9 donor line (75-1-127) 
and the Pi9 containing differential line (IRBL 9W) could be due to the effects of repeated 
backcrossing of LTH background cultivar during the development of the Pi9 containing 
differential line 
Information about isolates’ VCG is important since some isolates in the same VCG are 
capable of exchanging genetic information through parasexual recombination or heterokaryosis 
(Noguchi et al. 2006). The exchange of genetic information especially for asexually reproducing 
fungi could be beneficial in the reduction of deleterious mutations and also in the generation of 
variants (Zeigler et al. 1997). Although isolates of the same VCG are essentially presumed 
clonally related, there was lack of complete correlation in virulence between isolates of the same 
VCG in this study. The variability in virulence of pathogens could be attributable to changes that 
frequently occur in M. oryzae avirulence genes due to their unstable nature (Orbach et al. 2000). 
Virulence variability in pathogen populations would be shaped by the arms-race co-evolution 
that is largely dependent on the R genes that are present in the host plants. Normally, M. oryzae 
would constantly evolve to defeat the deployed resistance gene through random changes that 
occur in the avirulence genes. The lack of complete correlation in virulence of isolates within the 
same VCG was not unusual since M. oryzae is capable of displaying a high rate of virulence 
diversity even within isolates originating from a single spore (Zeigler et al. 1997).  
Presence of a limited number of VCGs within each geographic location supports the 
predominantly asexual reproduction manner that M. oryzae is presumed to undergo (Zeigler 
1998). Asexually reproducing fungi tend to generally have low genetic diversity. The low 
genetic diversity in the M. oryzae population from Africa has previously been reported 
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(Nutsugah et al. 2008;  Onaga et al. 2015) including other regions of the world such as Europe 
(Piotti et al. 2005), the U.S. (Correll et al. 2009), South America (Levy et al. 1993) and Asia 
(Chen et al. 1995;  Han et al. 1993;  Levy et al. 1993). The confinement of specific VCGs within 
countries would support a proposition that there was no movement of inoculum between regions 
through the common means of inoculum dispersal (infested/infected seed or air) for M. oryzae 
isolates. Due to the presumed limited movement of the pathogen, a blast epidemic in one country 
may not contribute to disease outbreak in another country or region.  
In conclusion, this study attempted to elucidate the virulence and genetic diversity of    
M. oryzae across some African countries. Based on the information generated from this study, a 
breeding strategy to achieve durable resistance to blast in Africa has been proposed. Future effort 
should focus on the inclusion of more isolates in tests for the countries that had low sample sizes 
of isolates.   
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Table 1. The vegetative compatibility group, origin and the year of collection of the 122 isolates 
from nine African countries.   
Isolate VCGa Cultivarb City Country Year 
BF0001 BF-1 O. sativa Loto Burkina Faso 2013 
BF0017 BF-1 V34 Niéna Dionkéle Burkina Faso 2013 
BF0020 BF-1 FKR19 Niéna Dionkéle Burkina Faso 2013 
BF0003 BF-1 O. sativa Loto Burkina Faso 2013 
BF0032 BF-1 B1V6 Banfora Burkina Faso 2013 
BF0035 BF-1 V140 Banfora Burkina Faso 2013 
BF0039 BF-1 WAB2128-WAC B-1-TGR4-WAT B4 Banfora Burkina Faso 2013 
BF0004 BF-1 O. sativa Loto Burkina Faso 2013 
BF0046 BF-1 WAB2128-WAC B-1-TGR4-WAT B1 Banfora Burkina Faso 2013 
BF0048 BF-1 WAB2128-WAC B-1-TGR4-WAT B1 Banfora Burkina Faso 2013 
BF0049 BF-1 O. sativa Pankatioro Burkina Faso 2013 
BF0005 BF-1 O. sativa Sinkoura Burkina Faso 2013 
BF0006 BF-1 O. sativa Sinkoura Burkina Faso 2013 
BF0007 BF-1 O. sativa  Sinkoura Burkina Faso 2013 
BF0009 BF-1 V34 Niéna Dionkéle Burkina Faso 2013 
BN0040 BN-1 BL19 Bétérou Benin 2012 
BN0047 BN-1 BL19 Djougou Benin 2012 
GH0007 GH-1 IR1529 Akuse Ghana 2012 
KE0005 KE-1 Basmati 370 Mwea Kenya 2013 
KE0014 KE-1 Basmati 370 Mwea Kenya 2013 
KE0015 KE-1 Basmati 370 Mwea Kenya 2013 
KE0019 KE-1 Basmati 370 Mwea Kenya 2013 
KE0030 KE-1 Basmati 370 Mwea Kenya 2013 
KE0041 KE-1 Basmati 370 Mwea Kenya 2013 
KE0215 KE-3 Basmati 370 Mwea Kenya 2104 
KE0228 KE-3 ITA 310 Ahero Kenya 2104 
KE0255 KE-3 ITA 310 Ahero Kenya 2104 
KE0210 KE-4 ITA 310 Ahero Kenya 2104 
KE0233 KE-4 ITA 310 Ahero Kenya 2104 
NG0026 NG-1 CO39 Ibadan Nigeria 2009 
NG0123 NG-1 IRBLSH-S Ibadan Nigeria 2009 
NG0133 NG-1 IRBLI-F5 Ibadan Nigeria 2009 
NG0134 NG-1 Aichi Asahi Ibadan Nigeria 2009 
NG0149 NG-1 IRBLB-B Ibadan Nigeria 2009 
NG0153 NG-1 IRBLB-B Ibadan Nigeria 2009 
NG0155 NG-1 IRBL19-A Ibadan Nigeria 2009 
aVegetative compatibility group 
bCultivar in which the isolates was recovered from  
- = data not available 
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Table 1.  The vegetative compatibility group, origin and the year of collection of the 122 
isolates from nine African countries (Contin.).   
Isolate VCGa Cultivarb City Country Year 
NG0177 NG-1 IRBL3-CP4 Ibadan Nigeria 2009 
NG0190 NG-1 IRBL3-CP4 Ibadan Nigeria 2009 
NG0192 NG-1 IRBL1-CL Ibadan Nigeria 2009 
NG0248 NG-1 - Ibadan Nigeria 2009 
NG0253 NG-1 Aichi Asahi Edozhigi Nigeria 2009 
NG0092 NG-2 IRBLI-F5 Ikenne Nigeria 2009 
NG0176 NG-2 IRBLKP-K60 Ibadan Nigeria 2009 
NG0240 NG-2 - Abéocuta Nigeria 2009 
NG0245 NG-2 IRBLTACP1 Abéocuta Nigeria 2009 
TG0003 TG-1 Nérica L19 Assomè Togo 2012 
TG0016 TG-1 Nérica L19 Assomè Togo 2012 
TG0035 TG-1 - Assomè Togo 2012 
TZ0045 TN-1 - Ifakara Tanzania 2013 
TZ0050 TN-1 Supa Ifakara Tanzania 2013 
TZ0057 TN-1 Supa Ifakara Tanzania 2013 
TZ0066 TN-1 Supa Ifakara Tanzania 2013 
TZ0070 TN-1 Supa Ifakara Tanzania 2013 
TZ0078 TN-1 Supa Ifakara Tanzania 2013 
TZ0090 TN-1 - Ifakara Tanzania 2013 
TZ0098 TN-1 K-5 Ifakara Tanzania 2013 
TZ0001 TN-2 Zambia Kyela Tanzania 2013 
TZ0019 TN-2 - Kyela Tanzania 2013 
TZ0065 TN-2 Supa Ifakara Tanzania 2013 
TZ0077 TN-2 Supa Ifakara Tanzania 2013 
TZ0079 TN-2 - Ifakara Tanzania 2013 
UG0008 UG-1 Benenego Namulonge Uganda 2013 
UG0001 UG-2 - Butaleja Uganda 2013 
UG0009 UG-2 - Butaleja Uganda 2013 
BN0013 - - Malanville Benin 2011 
BN0019 - BL19 Malanville Benin 2011 
BN0036 - BL19 Bétérou Benin 2012 
BN0050 - Riz Chinois Djougou Benin 2012 
BN0066 - Riz Chinois Kerou Benin 2012 
BN0082 - Riz Chinois Kerou Benin 2012 
BN0083 - Adny11 Kerou Benin 2012 
BN0125 - Kouantcho Kokey-Banikoara Benin 2012 
BN0139 - Wild rice Natitingou Benin 2012 
BN0152 - Wild rice Savalou Benin 2012 
BN0157 - IR841 Savalou Benin 2012 
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Table 1.  The vegetative compatibility group, origin and the year of collection of the 122 isolates 
from nine African countries (Contin.).    
Isolate VCGa Cultivarb City Country Year 
BN0170 - Deejiaohualuo Kerou Benin 2012 
BN0192 - CG14 Lokossa Benin 2010 
BN0202 - Wita11 Lokossa Benin 2010 
BN0293 - IRBLTA-CP1 Lokossa Benin 2011 
BN0295 - CG20 Paniculealavi Benin 2011 
BN0302 - Sikamou Paniculealavi Benin 2010 
GH0004 - Jasmine 85 - Ghana 2010 
GH0006  Jasmine 85 Akuse AGRIC Ghana 2009 
GH0006 - Jasmine 85 farms Ghana 2009 
KE0213 - Bamati 370 Mwea Kenya 2014 
KE0221 - Bamati 370 Mwea Kenya 2014 
KE0232 - Bamati 370 Mwea Kenya 2014 
KE0237 - Bamati 370 Mwea Kenya 2014 
KE0242 - Bamati 370 Mwea Kenya 2014 
ML0060 - IRBLKH-K3 Sikasso Mali 2009 
ML0062 - - Sikasso Mali 2009 
ML0066 - Wita4 Sikasso Mali 2011 
NG0012 - IRBL12-M Edozhigi Nigeria 2009 
NG0054 - CO39 Ibadan Nigeria 2009 
NG0076 - IRBLTACP1 Ikenne Nigeria 2010 
NG0095 - IRBLTA2-PI Ibadan Nigeria 2009 
NG0102 - IRBLTA2-PI Ibadan Nigeria 2010 
NG0103 - IRBLTA2-PI Ibadan Nigeria 2010 
NG0104 - AICHI ASAHI Ibadan Nigeria 2010 
NG0110 - IRBL9-W Ibadan Nigeria 2010 
NG0121 - IRBL11-ZH Ibadan Nigeria 2010 
NG0126 - IRBLI-F5 Ibadan Nigeria 2010 
NG0135 - IRBLI-F5 Ibadan Nigeria 2009 
NG0152 - IRBLB-B Ibadan Nigeria 2009 
NG0179 - IRBL3-CP4 Ibadan Nigeria 2009 
NG0191 - IRBL3-CP4 Ibadan Nigeria 2009 
NG0197 - IRBL1-CL Ibadan Nigeria 2009 
NG0199 - - Ibadan Nigeria 2009 
NG0264 - Nérica L19 Ibadan Nigeria 2010 
TG0004 - Nérica L19 Elavayo Togo 2012 
TG0005 - Nérica L19 Assomè Togo 2012 
TG0008 - Nérica L19 Elavayo Togo 2012 
TG0011 - Nérica L19 Elavayo Togo 2012 
TG0032 - Nérica L19 Elavayo Togo 2012 
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Table 1.  The vegetative compatibility group, origin and the year of collection of the 122 from 
the African countries (Contin.).   
Isolate VCGa Cultivarb   City 
   
Country Year 
TZ0016 - Zambia Kyela Tanzania 2013 
TZ0038 - - Ifakara Tanzania 2013 
TZ0068 - Supa Ifakara Tanzania 2013 
TZ0073 - Supa Ifakara Tanzania 2013 
UG0006 - Kaiso Bulega Uganda 2013 
UG0010 - Basmati 370 Butaleja Uganda 2013 
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Table 2. Description of the rice germplasm used in characterization of the 122 isolates from 
Africa. 
Rice Genotype Description  
Target R 
gene 
Donor line/pedigree for 
NERICA  
 Reference 
IRBL 11-ZH  Monogenic Line  Pi11(t) Zhaiyeqing 
 
  
  
  
  
  
  
  
  
  
  
  
  
(Kobayashi et al. 
2007)  
  
  
  
  
  
  
  
  
 
  
  
  
  
  
  
  
IRBL 12-M  Monogenic Line  Pi12(t) RIL10 (Moroberekan) 
IRBL 19-A  Monogenic Line  Pi19 Aichi Asahi 
IRBL 1-CL  Monogenic Line  Pi1 C101LAC 
IRBL 20-IR 24  Monogenic Line  Pi20(t) IR 24 
IRBL 3-CP4  Monogenic Line  Pi3 C104PKT 
IRBL 5-M  Monogenic Line  Pi5(t) RIL249 (Moroberekan) 
IRBL 7-M  Monogenic Line  Pi7(t) RIL29 (Moroberekan) 
IRBL 9-W  Monogenic Line  Pi9 WHD-1S-75-1-127 
IRBLA-a  Monogenic Line  Pia Aichi Asahi 
IRBLB-B  Monogenic Line  Pib BL 1 
IRBLI-F5  Monogenic Line  Pii Fujisaka 5 
IRBLKH-K3  Monogenic Line  Pik-h K 3 
IRBLK-KA  Monogenic Line  Pik Kanto 51 
IRBLKM TS  Monogenic Line  Pik-m Tsuyuake 
IRBLKP-K60  Monogenic Line  Pik-p K 60 
IRBLKS-F5  Monogenic Line  Pik-s Fujisaka 5 
IRBLKS-S  Monogenic Line  Pik-s Shin 2 
IRBLSH-B Monogenic Line  Pish BL 1 
IRBLSH-S  Monogenic Line  Pish Shin 2 
IRBLTA 2-PI  Monogenic Line  Pita2 Pi No. 4 
IRBLTA 2-RE  Monogenic Line  Pita2 Reiho 
IRBLTA CP 1  Monogenic Line  Pita C101PKT 
IRBLTA CT2  Monogenic Line  Pita C105TTP2L9 
IRBLT-K59  Monogenic Line  Pit K 59 
IRBLZ 5-CA(R)  Monogenic Line  Piz-5 C101A51 
IRBLZ5-CA  Monogenic Line  Piz-5 C101A51 
IRBLZ-FU  Monogenic Line  Piz Fukunishiki 
IRBLZT-T  Monogenic Line  Piz-t Toride 1 
IRBTP 16211  
Japonica Variety, 
Lijiangxituanheigu (LTH) 
Unidentified NA 
75-1-127 Pi9 donor line Pi9 NA (Liu et al. 2002) 
AR105  Oryza glaberrima Unidentified NA (Linares 2002) 
NERICA 12  Interspecific rice  Unidentified WAB 880-1-38-20-17-P1-HB 
(Jones et al. 1997) 
NERICA 15  Interspecific rice  Unidentified WAB 881-10-37-18-3-P1-HB 
NERICA 2  Interspecific rice  Unidentified WAB 450-11-1-P31-1-HB 
NERICA 4  Interspecific rice  Unidentified WAB 450-I-B-P-91-HB 
NERICA 5  Interspecific rice  Unidentified WAB 450-11-1-1-P31-HB 
FKR62N  Interspecific rice Unidentified WAS 122-IDSA-1-WAS-6-1 
TS2  African intraspecific rice Unidentified NA  Not available 
F6-36  African intraspecific rice Unidentified NA  Not available 
Jumli dhan Susceptible check Unidentified NA http://www.ars-
grin.gov/npgs/ UZ R0SZ 5 Susceptible check Unidentified NA 
M204 Susceptible check  Unidentified 
M-201/M7/3/M7//ESD7-
3/Kokuhorose 
 (El-Malky et al. 
2007) 
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Table 3. Comparison of virulence among vegetative compatibility groups of isolates from Africa. 
Virulence was assessed based on response of a panel of rice germplasm (n=40) to a collection of 
isolates from Africa and scored on a disease score scale of 0-9. 
 
 
 
 
 
 
 
aVegetative compatibility group. 
bLeast square mean ± standard error of disease scores. Means were separated and compared 
using Tukey’s HSD at alpha = 0.05. Means followed by the same letter do not differ 
significantly. 
 
 
 
 
 
 
 
 
 
   Disease score (0-9 scale) 
 
 
   
 
95% confidence interval 
Country VCGa Isolates (n) LSM ± SEb Lower  Upper  
Benin BN-1 2 4.7±0.3 BCD 4.2 5.2 
Burkina Faso BF-1 15 2.8±0.1 F 2.6 3.0 
Ghana 
 
GH-1 1 6.2±0.4 A 5.5 7.0 
GH-2 1 5.0±0.4 ABCD 4.3 5.7 
Kenya 
 
KE-3 3 3.8±0.2 DE 3.4 4.2 
KE-4 2 3.6±0.3 DEF 3.1 4.1 
KE-1 5 3.1±0.2 EF 2.8 3.5 
Nigeria 
 
NG-1 13 4.6±0.1 C 4.4 4.8 
NG-2 4 4.5±0.2 CD 4.2 4.9 
Tanzania 
 
TZ-2 5 5.4±0.2 AB 5.1 5.7 
TZ-1 8 4.9±0.1 BC 4.6 5.1 
Togo TG-1 3 5.6±0.2 AB 5.2 6.0 
Uganda 
 
UG-2 2 2.9±0.3 EF 2.4 3.4 
UG-1 1 2.7±0.4 EF 2.0 3.4 
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Table 4. Comparison of mean disease scores for African rice lines and selected checks in 
pathotyping of isolates from Africa. Disease response was from the inoculation of isolates of and 
scored on a disease score scale of 0-9. 
  Disease score (0-9 scale) 
   95% Confidence interval 
Rice genotype Number of isolatesa 1LSM ±SEb Lower Upper 
Jumli dhan 40 6.3±0.3 A 5.6 6.9 
IRBTP 16211  122 5.9±0.2 A 5.5 6.2 
M204 122 5.4±0.2 A 5.0 5.8 
UZR0Z275 122 4.3±0.2 B 3.9 4.6 
TS2  122 3.5±0.2 BC 3.2 3.9 
NERICA 12  122 3.3±0.2 C 2.9 3.6 
NERICA 4  122 3.3±0.2 C 2.9 3.6 
NERICA 5  122 2.9±0.2 CD 2.5 3.2 
FKR62N  122 2.8±0.2 CD 2.5 3.2 
NERICA 2  122 2.8±0.2 CD 2.5 3.2 
NERICA 15  122 2.2±0.2 DE 1.9 2.6 
F6-36  81 1.3±0.2 EF 0.9 1.8 
AR105  46 0.6±0.3 F 0.0 1.2 
 
aNumber of isolates inoculated on genotypes. 
bLeast square mean ± standard error of disease scores. Means were separated and compared 
using Tukey’s HSD at alpha=0.05. Means followed by the same letter do not differ significantly. 
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Fig. 1. Response of rice germplasm to122 isolates from Africa. The percent resistance indicates the proportion of isolates that could 
not cause disease on a genotype. 
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Fig. 2. Response of rice germplasm to 41 isolates from East Africa. The percent resistance indicates the proportion of isolates that 
could not cause disease on a genotype. 
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Fig. 3. Response of rice germplasm to 81 isolates from West Africa. The percent resistance indicates the proportion of isolates that 
could not cause disease on a genotype. 
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Fig. 4. Virulence spectrum of isolates within three vegetative compatibility groups (BF-1, NG-1, and TZ-1). Rice genotypes in  
the Y-axis, and isolate names in the X-axis. Colors: Virulence (red) and avirulence (green).  
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Fig. 5. Cluster analysis of the similarity in disease reactions of isolates within three vegetative compatibility groups (NG-1, TZ-1 and 
BF-1). The two letter prefixes in the names of the isolates correspond to the VCG names.  Binary disease reactions, (and avirulence 
(0) and virulence (1) obtained from the inoculation of 122 isolates on 40 rice genotype panel was utilized in generating the 
dendrogram using Unweighted Pair Group Method with Arithmetic Mean (UPGMA) method with NTSYS ver. 2.1
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Chapter IV: Variation in the avirulence gene AVRPiz-t in isolates of Magnaporthe oryzae 
from Africa 
Abstract 
Rice blast disease control by the use of resistant cultivars is often hampered by the 
frequent changes that can occur in the pathogen’s avirulence (AVR) genes, making the AVR 
genes  non-functional, and thus, allowing an isolate to overcome the corresponding resistance 
gene. A total of 172 isolates of Magnaporthe oryzae from 10 countries in Africa were used in 
this study.  In order to determine the effectiveness of the Piz-t resistance gene, 126 isolates were 
assessed for virulence on the monogenic differential line IRBLzt-T containing Piz-t. A total of 
102 isolates were virulent and 24 were avirulent on the Piz-t containing line. Of 126 phenotyped 
isolates, the open reading frame (ORF) was amplified from 118 isolates using AVRPiz-t gene 
specific primer. The ORF was then sequenced from 16 avirulent isolates and 30 virulent isolates. 
Based on the sequence of the ORF, 40 isolates belong to a single haplotype (haplotype 1) which 
contained 15 avirulent isolates and 24 virulent isolates. Thus, as no sequence variation was 
identified in 25 of the virulent isolates, non-functionality of AVRPiz-t likely would be due to 
some other variation, possibly the promoter region variation due to large inserts. However, 11 of 
these 25 virulent isolates showed no amplicon size variation in the promoter region. Translation 
of the ORF sequences of the six virulent isolates in haplotype 3, 4, 5, 6, 7 and 11 revealed that 
there were amino acid variation that could have caused the change of isolates from avirulent to 
virulent. Future studies should focus on studying the promoter region for variation that could be 
responsible for making isolates to be virulent. 
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Introduction 
Plants deploy different defense mechanisms against infection by microbial and non-
microbial plant pathogens. The primary plant defense by plants is targeted at conserved 
molecular components that are common across entire groups of microbes such as chitin in fungi 
and this defense is referred to as pathogen associated molecular patterns (PAMPs) (Zipfel 2009). 
Adapted pathogens can overcome primary plant defenses provided by PAMPs by secreting 
numerous effectors that comprise proteins and small molecules that suppress immunity due to 
PAMPs. Subsequently, to combat infection by adapted pathogens, plants have evolved a second 
layer of defense mediated by intracellular receptors that target pathogen effectors. A majority of 
plant defense receptors contain nucleotide-binding sites (NBS) that are enjoined with leucine-
rich repeat (LRR) proteins that activate defense responses that lead to programmed cell death 
thus limiting pathogen spread within a plant (Jones and Dangl 2006). A second group of plant 
resistance (R) proteins encode extracellular LRR (eLRR) that is connected to a transmembrane 
domain (Stergiopoulos and de Wit 2009). Over time, numerous plant resistance genes have been 
identified and utilized in management of a number of plant diseases. In rice, about 99 resistant 
genes to the rice blast pathogen caused by Magnaporthe oryzae B. Couch (=Pyricularia oryzae) 
have been identified  (Wang et al. 2014) and some of these R genes have been utilized in rice 
blast resistance breeding programs (Berruyer et al. 2003;  Causse et al. 1994;  Fukuoka and 
Okuna 2001;  Fukuta et al. 2004;  Gowda et al. 2006;  Jueng et al. 2007;  Liu et al. 2007;  Liu et 
al. 2005;  Nagato and Yoshimori 1998;  Nguyen et al. 2006;  Pan et al. 2003;  Wang et al. 1994). 
Rice blast disease is one of the major biotic constraints to rice production worldwide 
(Bonman et al. 1992). Yield losses due to rice blast in Africa can be as high as100% when 
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conditions for disease development are favorable (Nutsugah et al. 2008). Accordingly, rice blast 
has been identified as one of the most important constraints limiting increase in productivity of 
rice as well as expansion of the area under rice production in Africa (Balasubramanian et al. 
2007). 
The most economical and effective management strategy for rice blast disease is the use 
of host resistance that is provided by major R genes. The interaction between rice R genes and 
the rice blast pathogen’s AVR genes follows a typical gene for gene model (Flor 1971), where the 
pathogen’s AVR gene interacts correspondingly to its cognate rice R gene to confer resistance to 
the host plant (Flor 1971;  Silué et al. 1992;  Zeigler et al. 1994). This kind of direct interaction 
have been demonstrated in AVRPita/Pita, Pia/AVR-Pia and Pik/AVR-Pik (Cesari et al. 2013;  
Kanzaki et al. 2012) 
Other M. oryzae AVR genes/effectors induce defense responses in the host indirectly, an 
example is Ace1 (AVR-Pi33) which produces secondary metabolites that are presumed to activate 
the R gene Pi33 to produce defense responses (Stergiopoulos and de Wit 2009). 
The rice R gene Piz-t is a broad-based R gene that confers protection to rice against 
multiple races of M. oryzae. Piz-t encodes nucleotide-binding site leucine-rich repeat (NBS-
LRR) proteins to confer resistance against AVRPiz-t containing isolates (Zhou et al. 2006). Piz-t 
has been mapped to the centromere of chromosome six which contains three additional blast R 
genes, namely, Pi2, Pi9 and Piz (Hayashi et al. 2004;  Liu et al. 2002). Like Piz-t; Pi2, Pi9 and 
Piz confer resistance to a broad range of pathogen strains (Hayashi et al. 2004;  Liu et al. 2002). 
These four allelic genes have been introgressed to rice from various rice genotypes. The 
effectiveness of Piz-t in blast disease control has been reported in some regions of the world. In 
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Jilin province of China, Piz-t was found to be effective against about 80% of the isolates tested 
(Wang et al. 2013), whereas in the U.S., Piz-t was effective on about 60% of isolates tested 
(Wang et al. 2015). Although Piz-t was effective in Jilin province of China, there has been an 
upsurge in the number of isolates that can overcome Piz-t in other rice growing regions of China 
(Chen et al. 2014). Evaluation of the effectiveness of Piz-t in West African countries of Benin, 
Burkina Faso, Côte d’Ivoire, Ghana, Mali and Nigeria showed that Piz-t was quite effective 
(Odjo et al. 2014). The performance and utilization of Piz-t against a wide range of isolates of M. 
oryzae from Africa is unknown. However, Piz-t being effective against a broad spectrum of 
pathogen strains elsewhere was thought to be a potential R gene that could be used in the 
management of blast in Africa (Guo-Liang, personal communication). There is need to determine 
the stability of AVRPiz-t to ascertain the possible use of Piz-t in the management of blast disease 
in Africa. 
Proteins encoded by AVR genes of M. oryzae are special kinds of effectors that are able to 
be identified by the host’s resistance proteins that act by activating defense responses against 
invasion by the pathogen (Liu et al. 2010). More than 40 M. oryzae AVR genes have been 
identified, nine of which have been molecularly characterized (Zhang and Xu 2014). Among the 
M. oryzae AVR genes that have been cloned and characterized is AVRPiz-t which is found on the 
telomeric region of chromosome three (Li et al. 2012;  Li et al. 2009). AVRPiz-t encodes a 108 
amino acid protein that is unique from other known proteins in M. oryzae and is thought to 
suppress the defense gene expression in Piz-t lacking plants through the reduction of the 
production of reactive oxygen species during the early infection stages (Park et al. 2012). 
AVRPiz-t has been reported to be widely present in global isolates of M. oryzae that were 
recovered from rice and non-rice hosts (Chen et al. 2014). To the best of our knowledge no study 
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has looked into the presence and variation that exists in AVRPiz-t in isolates of M. oryzae from 
Africa.  
Management of rice blast by use of host resistance provided by R genes can be quite 
effective against a pathogen population with the corresponding AVR gene. However, the 
instability of AVR genes in M. oryzae that leads to changes in the pathogen from avirulent to 
virulent often limits the durability of the deployed R genes. Some of the instabilities in AVR 
genes has been attributed to the close proximity of AVR genes to the telomere, a region that is 
prone to frequent changes (Farman 2007). Apart from AVRPiz-t, other M. oryzae AVR genes 
found in the telomere region and have been reported to contain sequence variations are 
AVRPita1, AVRPita2 and AVRPii (Dai et al. 2010;  Orbach et al. 2000;  Yasuda et al. 2006). The 
telomere position of AVR genes in M. oryzae has been suggested to be the most important factor 
that enables the pathogen to quickly adapt to its plant host (Orbach et al. 2000). AVR genes are 
also associated with the presence of numerous amounts of transposable elements (TEs) in the 
promoter or ORF (Farman et al. 2002;  Khang et al. 2008;  Li et al. 2009). In fact the M. oryzae 
laboratory strain 70-15 a progeny of the Piz-t virulent isolate GUY11, TEs comprised 43% of the 
AVRPiz-t locus of the isolate (Li et al. 2012). These TEs in the promoter region can easily 
convert avirulent isolates to be virulent whereas in the ORF, TEs or nucleotide substitution have 
been reported to be responsible for the conversion of isolates from avirulent to virulent (Li et al. 
2009). For example, insertion of Pot3 transposon in the ORF or a single nucleotide substitution 
in the ORF of AVRPiz-t converted avirulent isolates to virulent (Li et al. 2009). In another widely 
studied AVR gene AVRPita1, TEs, nucleotide insertions, translocations, frameshifts and deletions 
of nucleotides or the whole gene have been attributed to the loss of AVR (Dai et al. 2010;  
Orbach et al. 2000). Variation in the sequences of AVR genes are therefore widely believed to be 
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strategies that M. oryzae utilizes to evade detection by the host thus overcoming the host’s 
resistance (Khang et al. 2008). 
Information on the variation in AVR genes could be indicators of the gene’s stability and 
hence, the durability of its corresponding R gene. Unstable AVR genes may lead to the short term 
utility of the corresponding R gene. In an effort to ensure durability of R genes, some authors 
have suggested that profiles of AVRs that threaten important R genes need to be monitored 
constantly (Liu et al. 2010). This effort could complement information obtained from 
pathotyping. The utilization and the predicted durability of Piz-t in blast disease control would be 
highly dependent on the status and stability of the AVRPiz-t gene in the pathogen population. 
Knowledge of AVRPiz-t distribution, frequency and haplotype diversity could guide breeders on 
how Piz-t can be deployed effectively to control blast disease. To determine the frequency of 
AVRPiz-t and the variation of the gene in isolates of M. oryzae from Africa, a total of 172 mono-
conidial isolates from 10 African countries were analyzed. Size and sequence variation in 
AVRPiz-t were analyzed among isolates and compared to their virulence phenotype on a Piz-t 
containing a differential line.  
Materials and Methods 
Fungal isolates. A total of 172 isolates of M. oryzae from 10 African countries (Benin, 
Burkina Faso, Egypt, Ghana, Kenya, Mali, Nigeria, Tanzania, Togo, and Uganda) (Table 1) were 
used in this study. The isolates were provided by the Africa Rice Center (Continou-Benin) and 
project collaborators from Burkina Faso, Kenya and Tanzania. Also included in the test were 
isolates from Egypt that were part of the International isolate collection in Correll’s lab 
(University of Arkansas) (Table 1). Also included in tests were two control isolates; KJ201 (Piz-t 
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avirulent isolate from South Korea) and GUY11 (Piz-t virulent isolate from French Guiana) 
(Table 1). All the isolates were stored in desiccated filter paper at -20oC and then revived on rice 
bran agar. 
DNA extraction. Fungal mycelial transfers initially cultured on rice bran agar were 
cultured on complete broth media for 4 to 5 days at 24oC with constant shaking on a rotary 
shaker. Mycelia were then filtered and lyophilized for 24 hours then ground into fine powder 
using a 2010 Geno/Grinder®. DNA extraction was done using a modified mini-prep method (Lee 
et al. 1988) and modified by Jacobson and Gordon (Jacobson and Gordon 1990). Briefly, ground 
mycelia were dispensed into a 2.0 ml tube, filled to one third full of the tube then 1.3 ml of 
extraction buffer (1M Tris-HCl, 5 M NaCl, 0.5 EDTA, 10% SDS, 65.0 ml sterile deionized 
water) added prior to incubating at room temperature for 30 min. After the incubation, the 
product was centrifuged at 16,160 xg for 5 min in a micro-centrifuge before transferring the 
supernatant to a new 2.0 ml tube. To the supernatant, 500.0 µl of tris-saturated phenol, pH 6.7, 
and 500.0 µl SEVAG (24:1 chloroform/isoamyl alcohol) was then added, mixed well to form an 
emulsion before centrifuging at 16,160 xg for 5 min. The aqueous top portion was carefully 
transferred to a new 2.0 ml tube and the volume brought up to about 1.0 ml using DNA 
extraction buffer. To the resultant solution, 10.0 µl of 10.0 mg/ml of RNase was added and 
incubated for 60 min at 37oC. Subsequently, 1.0 ml of SEVAG was added and mixed by gentle 
inversion of tubes several times to form an emulsion. The emulsion was next centrifuged for 5 
min at 13, 851 xg before carefully transferring the top phase to a new 2.0 ml tube. To recover 
DNA, the supernatant was transferred into a new 1.5 ml tube, 1.0 ml of 100% cold ethanol was 
then added, and DNA precipitation allowed for 10 min before mixing by slow inversions of the 
tubes. The product was next centrifuged for 5 min at 16,160 xg to pellet. The supernatant was 
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then poured out before inversion of tubes to drain. Washing of the dried pellet was then done by 
filling tubes with 70% ethanol, and then centrifuging for 5 min at 16,160 xg and 4oC. The 
supernatant was poured off and then the tube inverted to drain then allowed to air dry. Pellet re-
suspension was done in 50.0 TE and allowed to rehydrate for 10-20 min before gently flicking 
the tube to re-suspend.  
PCR amplification. In order to compare sequence variability in the AVRPiz-t, a universal 
primer (C) (Table 2) was designed and used for amplification and sequencing. All 172 isolates 
were tested for the presence of AVRPiz-t by PCR amplification using any of the three sets of 
primers that targeted the ORF of AVRPiz-t gene (Table 2; Fig. 2) (Chen et al. 2014;  Li et al. 
2012). Determination of the presence and size variations of the AVRPiz-t promoter region was 
attempted using primer 2PF/2PR targeting 1000 base pair region upstream the promoter region 
from the start point of the ORF (Chen et al. 2014) (Table 2; Fig. 2). The designed universal 
primers (Table 2; Fig. 2) targeting the region downstream the ORF sequences were used in 
amplification, sequenced and then correlated to phenotype. All primers were designed from the 
sequence of the AVRPiz-t locus of M. oryzae avirulent strain 81278ZB15 (GenBank accession 
no. JN639897) (Li et al. 2012). All PCRs were performed in reaction volumes of 25 μl using a 
premixed ready master mix; GoTaq®G2 master mix 2X (Promega Corporation, WI). The 
reaction mixture was composed of 12.5 μl master mix, 0.5 μl each of 10 μM forward and reverse 
primer, 50 ng of fungal genomic DNA and 9.5 μl distilled water. PCR reactions were performed 
in a Masterycler® ep (Eppendorf, Hamburg, Germany) using the following PCR program (Chen 
et al. 2014): 1 cycle at 95°C for 3 min for initial denaturation, 34 cycles at 95°C for 60 s, 50-
55oC for 30 s (depending on primer set used), 72oC for 60 s and a final extension at 72oC for 7 
min. Separation of PCR products was performed on a 1% (w/v) agarose gel at 100 v for 1 hr and 
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30 min in 1x TAE buffer. Observation for amplicon and size differences were compared with 
amplicons of the control avirulent isolate KJ201 to determine if there were polymorphisms in the 
promoter. Visualization and photography of the separated PCR product was performed using 
GelDoc-It® imager. Each of the PCR reaction was repeated two to three times.  
Sequencing and sequence analysis. DNA for sequencing were purified using QIAquick 
PCR purification kit (Qiagen Inc., Valencia, CA) following the manufacturer’s instructions. 
Sequencing was performed using both the reverse and forward primers by use of ABI 3730xl 
DNA sequencer at Eton Biosciences Inc. (North Carolina). Sequence editing was performed 
using BioEdit software (Hall 2011). Sequence alignments and analysis for sequence variation 
was then done using ClustalW software (Larkin et al. 2007). Variation in nucleotide and amino 
acid sequences of the ORF were determined by comparing both sequences with those of the 
avirulent control isolate KJ201. In this study the ORF sequences of 70 randomly selected isolates 
were compared with the ORF sequence of the avirulent control isolate KJ201.Nucleotide 
sequences were further analyzed to determine haplotypes, Tajima D value, synonymous/non-
synonymous substitution and the number of polymorphic sites were determined using Dnasp5 
software (Librado and Rozas 2009).  
Virulence tests. Reactions of AVRPiz-t for 128 of the isolates were determined in 
standard greenhouse pathogenicity assays as described by (Xia et al. 1993) with some 
modifications. Virulence tests were conducted using rice lines containing Piz-t (IRBLzt-T) and 
the rice line without Piz-t (Lijiangxintaunheigu -LTH). Briefly, three-week old seedlings were 
inoculated with fungal conidial suspension at a concentration of 2 x 105 conidia/ml followed by 
incubation in a dew chamber that was set to about 100% RH for 24 hours. Inoculated plants were 
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then transferred to the greenhouse followed by disease evaluation of plants one week after 
inoculation. The blast disease scale of 0-9 (IRRI 2000) was used with avirulent being a score of 
0-3 and virulent 4-9. Each pathogenicity test was repeated two times. 
Results  
A majority of the isolates (102 of the 126) examined were virulent on Piz-t (Table 1). The 
country with the lowest proportion of virulent isolates was Kenya with 50% of the isolates being 
virulent. All the isolates from Ghana, Mali and Togo were virulent on Piz-t containing 
differential cultivar (Fig. 1).  
 None of the primers targeting the ORF of AVRPiz-t could amplify all the isolates hence 
three different sets of primers targeting the ORF were used (Table 2 and Fig 2). Based on the 
amplification from the ORF, AVRPiz-t was detected in 158 (92%) of the isolates including the 
virulent control isolate GUY11 (Table 1). Four isolates failed to amplify both the ORF and the 
promoter. AVRPiz-t frequencies in the isolates per country were as follows Benin (100%), 
Burkina Faso (100%), Egypt (93%), Ghana (100%), Kenya (81%), Mali (100%), Nigeria 
(100%), Tanzania (91%), Togo (100%), and Uganda (83%) (Table 1).  
Sequence variation of the ORF as compared to the ORF sequence of the avirulent control 
was observed in 10 of the 70 isolates in which the ORF was sequenced. The 10 isolates with 
sequence variation in the ORF were; one avirulent isolate, six virulent isolates and three isolates 
of unknown phenotype (Table 3). In total there were a total of 39 polymorphic sites excluding 
gaps with sequence conservation of 88%. It should be noted that AVRPiz-t does not contain any 
introns (Park et al. 2012). 
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The 70 ORF sequences grouped into a total of 11 haplotypes, designated haplotype 1 to 
11 (Table 3). Haplotype 1 contained the avirulent control isolate KJ201 and 60 isolates (16 
avirulent, 30 virulent and 14 isolates with unknown phenotype). Haplotype 2 had one avirulent 
isolate whereas haplotypes 3, 4, 5, 6, 7 and 11 contained a single virulent isolate each (Table 2). 
The remaining three haplotypes (8, 9 and 10) had a single isolate each of unknown phenotype 
(Table 2). There was no correlation between isolates’ country of origin and haplotypes (data not 
provided).  
Variation in the ORF sequences of virulent isolates that were in different haplotype from 
the avirulent control isolate consisted of nucleotide insertions, deletions, and substitutions (Table 
3). The variations in virulent isolates ranged from a single nucleotide substitution (haplotype 3) 
to six nucleotide substitutions, one deletion and a multi nucleotide substitution (haplotype 7) 
(Table 3). There were no common nucleotide variations in sequences among haplotypes thus 
suggesting that multiple changes could be responsible for virulence. 
Translation of the ORF sequences revealed that there were amino acid variation in 
haplotypes consisting virulent isolates as compared to the amino acid sequences of haplotypes 
with avirulent isolates (Table 4). For example in haplotype 3, there was an amino acid change 
from tyrosine to aspartic acid in position 29 (Table 4). Haplotype 4 had an amino acid change 
from valine to glycine in position 21 whereas haplotype 7 had amino acid change from valine to 
aspartic acid in the same position 21 (Table 4). The rest of the four haplotypes with virulent 
isolates did not have amino acid variation at position 21. Haplotype 6, had a change in the amino 
acid alanine to proline in position 16 (Table 4). Haplotypes 4, 5 and 7 contained an extra 
unknown amino acid in position 109 which could have coded for a unique amino acid. The 
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amino acid changes mentioned here are among many other amino acid changes in virulent 
isolates. Because of the multiple amino acid changes observed in the virulent isolates it is 
difficult to point out what amino acid change exactly caused the change from avirulence to 
virulence. No frame shifts were observed in the translated amino acids of virulent isolates. 
Analysis of the ORF sequences showed that the Tajima’s D value was significant            
(p < 0.001) and had a value of -2.77 which suggests that AVRPiz-t in isolates of M. oryzae of 
Africa could be undergoing purifying selection. Also non-synonymous nucleotide substitutions 
were three times more than synonymous nucleotide substitutions further supporting the 
proposition that AVRPiz-t could be undergoing purifying selection in the amino acids of the 
ORF. 
The promoter amplified in 71 (64%) of the 112 isolates that were examined for promoter 
presence (Table 1). Among the isolates that the promoter amplified were 79% of the avirulent 
isolates as compared to 41% of virulent isolates (Table 1). No apparent amplicon size differences 
were observed in the promoter of virulent and avirulent isolates as compared to the promoter 
amplicon of the control avirulent isolate KJ201. Attempts to determine if TEs were present in the 
promoter of isolates that could not amplify the promoter were not successful. 
Discussion 
Effective rice blast control could be achieved through use of resistant cultivars together 
with the integration of cultural disease control measures including the use of fungicides. The 
limitation and concern for use of major R genes in the control of blast is the rapid changes that 
occur in the pathogen’s AVR genes which enables the pathogen to overcome deployed R genes. 
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This study attempted to examine the variability in the AVR gene AVRPiz-t and then compared the 
variability with the reaction type by the isolate. 
Contrary to the findings of other studies that reported Piz-t to be resistant against a wide 
range of pathogen strains, Piz-t was not resistant against a majority of isolates from Africa that 
were examined in this study. The low level of resistance of Piz-t cannot be explained but it can 
be hypothesized that Piz-t could have been previously or is currently widely utilized in the 
African region. In most of the cases, the wide use of an R gene would be mostly followed by 
selection of isolates that can overcome the deployed R gene. On the contrary, if Piz-t had not 
been utilized in Africa then we would expect the frequency of isolates avirulent on Piz-t to occur 
in high frequency as compared to the frequency of Piz-t virulent isolates. The negative Tajima’s 
D value observed in this study could suggest that AVRPiz-t is undergoing purifying selection 
where alleles for avirulence in AVRPiz-t are being replaced in African isolates of M. oryzae.  
The lack of correlation between isolates’ country of origin and haplotypes groups tend to 
agree with earlier observations (Chapter III virulence data) where isolates were found to be 
widely diverse in virulence within countries in this same population of M. oryzae from Africa.  
Based on the results of this study, Piz-t gene may not be utilized in a majority of the 10 
African countries represented in this study. An exception is Kenya where Piz-t was effective to 
50% of the isolates hence Piz-t could possibly be pyramided with other R genes or cultivars that 
could complement Piz-t to enable effective blast control. Accordingly, the durability of Piz-t if 
utilized alone in the countries where Piz-t was somewhat effective may not be guaranteed due to 
the high proportions of isolates virulent on AVRPiz-t. Chances are that possibly virulent isolates 
could replace the avirulent isolate’s population over time.  
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The presence of AVRPiz-t in a majority of the isolates as observed in this study suggests 
that AVRPiz-t could be serving important functions in M. oryzae. The occurrence of AVRPiz-t in 
high frequencies have previously been observed in recent studies that reported presence of 
AVRPiz-t in a worldwide collection of M. oryzae form rice and non-rice hosts (Chen et al. 2014). 
AVR genes in other fungi and bacteria are thought to perform some of the functions in virulence 
during invasion of plants that lack the corresponding R gene (Dai et al. 2010;  Khang et al. 
2008). In M. oryzae, another AVR gene that is present in high frequency is AVRPita (Khang et al. 
2008;  Zhou et al. 2007). 
The low variability in the ORF among avirulent and virulent isolates had been 
demonstrated in the AVRPiz-t in M. oryzae isolates from other regions of the world (Chen et al. 
2014). Virulent isolates that were different from the control isolate had insertions, substitutions 
and deletions of nucleotides in their ORF sequences thus could be causes for isolates to be 
virulent. Moreover the nucleotides changes observed in the ORF of the six virulent isolates led to 
amino acid changes which could have possibly led to virulence of the isolates. Single nucleotide 
substitution in the ORF sequence of AVRPiz-t has been suggested to be a possible cause for an 
isolate to change from being avirulent to virulent (Chen et al. 2014;  Li et al. 2009). In the AVR 
gene PWL2,  single nucleotide substitution were also found to be responsible for causing 
virulence (Huang et al. 2014). Other mutations that are important in causing virulence in           
M. oryzae AVR genes are point mutations, deletions and TE insertions as have been demonstrated 
in AVRPita (Orbach et al. 2000;  Zhou et al. 2007). 
The 30 virulent isolates that did not have variations in the ORF sequence as compared to 
the sequence of the control avirulent isolate is an indication that variations in other regions of 
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AVRPiz-t locus were responsible for isolates losing avirulence. In this study, no apparent 
variations in the promoter region of virulent isolates were observed, thus conclusions cannot be 
drawn on the probable cause for isolates losing avirulence. It can be hypothesized that virulence 
could be due to non-functionality of the AVR gene but virulence could also be due to the lack of 
expression of the gene. Thus it is difficult to draw conclusions on what could be responsible for 
isolates’ virulence before performing conclusive studies on all possible causes for isolates losing 
avirulence. 
The complete failure of amplification of both of the ORF and the promoter as observed in 
the four virulent isolates in this study could be due to complete absence of AVRPiz-t. Another 
possible cause for lack of amplification could be that both regions have large transposon 
insertion which makes the regions to be un-amplifiable as has been reported in other studies 
(Chen et al. 2014;  Dai et al. 2010). AVR gene deletion, though never reported previously in 
AVRPiz-t, could also be a strategy by the fungus to escape recognition by its corresponding R 
gene in rice.  For the AVR genes AVRPia, AVRPii and AVRPik/km/kp, absence of the AVR gene 
has been reported to be a possible cause for loss of avirulence in the laboratory strain of            
M. oryzae, 70-15 (Yoshida et al. 2009). 
The single avirulent isolate that was in a haplotype that was different from the control 
isolate could suggest that there is more than one functional haplotype of AVRPiz-t. Multiple 
functional haplotypes of AVRPiz-t have not been reported. However, multiple functional 
haplotypes are not unusual in M. oryzae AVR genes. An example is AVRPita that was reported to 
have 27 functional haplotypes (Dai et al. 2010).   
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Future studies to identify variation in AVRPiz-t that could be responsible for virulence 
should be focused on variation in the promoter region. There have been reports of TEs insertions 
in the promoter region of AVRPiz-t that cause isolates to lose avirulence (Chen et al. 2014). In 
this study, attempts to verify the presence of the TEs in the promoter region using southern blot 
hybridization on isolates in this were not successful. 
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Table 1. Isolates from 10 African countries, reaction type on Piz-t containing differential line, 
polymerase chain reaction amplicon presence/absence from the AVRPiz-t open reading frame 
and the promoter. 
Isolate Country Reactiona ORF amplicon Promoter amplicon  
BF0001 Burkina Faso Virulent Present Absent  
BF0003 Burkina Faso Virulent Present Present  
BF0004 Burkina Faso Virulent Present Absent  
BF0005 Burkina Faso Avirulent Present Present  
BF0006 Burkina Faso Avirulent Present Absent  
BF0007 Burkina Faso Virulent Present Present  
BF0009 Burkina Faso Avirulent Present Present  
BF0011 Burkina Faso - Present -  
BF0017 Burkina Faso Virulent Absent Absent  
BF0018 Burkina Faso - Present -  
BF0020 Burkina Faso Virulent Present Present  
BF0023 Burkina Faso - Present -  
BF0027 Burkina Faso Virulent Present Present  
BF0032 Burkina Faso Virulent Present Absent  
BF0035 Burkina Faso Avirulent Present Present  
BF0039 Burkina Faso Virulent Present Present  
BF0046 Burkina Faso Virulent Present Present  
BF0048 Burkina Faso Virulent Present Present  
BN0013 Benin Virulent Present Absent  
BN0019 Benin Virulent Present Present  
BN0036 Benin Virulent Present Present  
BN0040 Benin Virulent Present Present  
BN0047 Benin Virulent Present Present  
BN0050 Benin Virulent Present Present  
BN0066 Benin Avirulent Present Present  
BN0066 Benin Avirulent Present Absent  
BN0082 Benin Virulent Present Absent  
BN0083 Benin Virulent Present Present  
BN0125 Benin Virulent Present Absent  
BN0139 Benin Virulent Present Absent  
BN0152 Benin Virulent Present Present  
BN0157 Benin Virulent Present Present  
BN0170 Benin Virulent Present Present  
BN0192 Benin Virulent Absent Absent  
BN0202 Benin Virulent Present Absent  
BN0293 Benin Virulent Present Present  
BN0295 Benin Virulent Present -  
BN0302 Benin Virulent Present Absent  
EG2 Egypt - Present -  
- = not tested; aReaction = reaction type on Piz-t containing differential line. 
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Table 1. Isolates from 10 African countries, reaction type on Piz-t containing differential line, 
polymerase chain reaction amplicon presence/absence from the AVRPiz-t open reading frame 
and the promoter (Cont.). 
Isolate Country Reaction ORF amplicon Promoter amplicon 
EG3 Egypt - Present - 
EG4 Egypt - Present - 
EG46 Egypt - Present - 
EG5 Egypt - Present - 
EG50 Egypt - Present - 
EG52 Egypt - Present - 
EG53 Egypt - Present - 
EG58 Egypt - Present - 
EG6 Egypt - Present - 
EG63 Egypt - Absent - 
EG7 Egypt - Present - 
EG8 Egypt - Present - 
EG80 Egypt - Present - 
GH0004 Ghana Virulent Present Absent 
GH0006 Ghana Virulent Present Absent 
GH0007 Ghana Virulent Present - 
GUY11 French Guyana Virulent Present Absent 
KE0002 Kenya - Present - 
KE0005 Kenya Avirulent Present Present 
KE0006 Kenya - Absent - 
KE0007 Kenya - Present - 
KE0008 Kenya - Present - 
KE0009 Kenya - Present - 
KE0010 Kenya - Present - 
KE0012 Kenya - Present - 
KE0013 Kenya - Present - 
KE0014 Kenya Virulent Present Absent 
KE0015 Kenya Virulent Present Present 
KE0017 Kenya - Present - 
KE0018 Kenya - Present - 
KE0019 Kenya Avirulent Present Present 
KE0022 Kenya - Present - 
KE0023 Kenya - Present - 
KE0024 Kenya - Absent - 
KE0025 Kenya - Present - 
KE0027 Kenya - Present - 
KE0028 Kenya - Absent - 
KE0029 Kenya - Present - 
KE0030 Kenya Virulent Present Present 
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Table 1. Isolates from 10 African countries, reaction type on Piz-t containing differential line, 
polymerase chain reaction amplicon presence/absence from the AVRPiz-t open reading frame 
and the promoter (Cont.). 
Isolate Country Reaction ORF amplicon Promoter amplicon 
KE0031 Kenya - Absent - 
KE0032 Kenya - Absent - 
KE0033 Kenya - Present - 
KE0034 Kenya - Present - 
KE0035 Kenya - Absent - 
KE0036 Kenya - Absent - 
KE0037 Kenya - Present Present 
KE0038 Kenya - Absent - 
KE0039 Kenya - Present - 
KE0040 Kenya - Present - 
KE0041 Kenya Virulent Present Present 
KE0210 Kenya Virulent Present Present 
KE0213 Kenya Avirulent Present Present 
KE0215 Kenya Virulent Present Present 
KE0221 Kenya Avirulent Present Present 
KE0228 Kenya Avirulent Present Absent 
KE0232 Kenya Avirulent Present Absent 
KE0233 Kenya Avirulent Present Present 
KE0237 Kenya Virulent Present Present 
KE0249 Kenya - Present - 
KE0255 Kenya Avirulent Present Present 
KJ201 Korea Avirulent Present Present 
ML0060 Mali Virulent Present Absent 
ML0062 Mali Virulent Present Present 
ML0066 Mali Virulent Present Present 
NG0012 Nigeria Virulent Present Present 
NG0026 Nigeria Avirulent Present Present 
NG0054 Nigeria Virulent Present Absent 
NG0092 Nigeria Virulent Present - 
NG0095 Nigeria Avirulent Present Present 
NG0102 Nigeria Virulent Present Present 
NG0103 Nigeria Virulent Present Present 
NG0104 Nigeria Avirulent Present Present 
NG0110 Nigeria Avirulent Present Present 
NG0121 Nigeria Avirulent Present Present 
NG0123 Nigeria Virulent Present Present 
NG0126 Nigeria Virulent Present Present 
NG0133 Nigeria Virulent Present Absent 
NG0134 Nigeria Avirulent Present - 
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Table 1. Isolates from 10 African countries, reaction type on Piz-t containing differential line, 
polymerase chain reaction amplicon presence/absence from the AVRPiz-t open reading frame 
and the promoter. (Cont.). 
Isolate Country Reaction ORF amplicon Promoter amplicon 
NG0135 Nigeria Virulent Present Present 
NG0149 Nigeria Virulent Absent Absent 
NG0152 Nigeria Virulent Present Present 
NG0153 Nigeria Virulent Present Present 
NG0155 Nigeria Virulent Present Present 
NG0159 Nigeria Virulent Present Absent 
NG0176 Nigeria Virulent Present Absent 
NG0177 Nigeria Virulent Present Absent 
NG0179 Nigeria Virulent Present - 
NG0190 Nigeria Virulent Present Absent 
NG0191 Nigeria Virulent Present Present 
NG0192 Nigeria Virulent Present Present 
NG0197 Nigeria Virulent Present Present 
NG0199 Nigeria Virulent Present Absent 
NG0240 Nigeria Virulent Present Absent 
NG0245 Nigeria Virulent Present Present 
NG0248 Nigeria Virulent Present Absent 
NG0253 Nigeria Virulent Present Absent 
NG0264 Nigeria Virulent Present Present 
TG0003 Togo Virulent Present Present 
TG0004 Togo Virulent Present Absent 
TG0005 Togo Virulent Present - 
TG0008 Togo Virulent Present - 
TG0011 Togo Virulent Present - 
TG0016 Togo Virulent Present Present 
TG0032 Togo Virulent Present - 
TG0035 Togo Virulent Present Present 
TG0045 Togo Virulent Present - 
TZ0001 Tanzania Virulent Present Present 
TZ0005 Tanzania Avirulent Present Absent 
TZ0008 Tanzania Virulent Present - 
TZ0010 Tanzania Avirulent Present Absent 
TZ0011 Tanzania Virulent Present Absent 
TZ0012 Tanzania Virulent Present - 
TZ0014 Tanzania Virulent Present Present 
TZ0016 Tanzania Virulent Absent Absent 
TZ0019 Tanzania Virulent Present Absent 
TZ0038 Tanzania Virulent Absent Absent 
TZ0045 Tanzania Virulent Present Present 
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Table 1. Isolates from 10 African countries, reaction type on Piz-t containing differential line, 
polymerase chain reaction amplicon presence/absence from the AVRPiz-t open reading frame 
and the promoter (Cont.). 
Isolate Country Reaction ORF amplicon Promoter amplicon 
TZ0050 Tanzania Virulent Present Present 
TZ0057 Tanzania Virulent Present Present 
TZ0065 Tanzania Virulent Present Absent 
TZ0066 Tanzania Virulent Present - 
TZ0068 Tanzania Virulent Present Present 
TZ0070 Tanzania Virulent Present - 
TZ0073 Tanzania Virulent Present Absent 
TZ0077 Tanzania Virulent Present Absent 
TZ0078 Tanzania Virulent Present Absent 
TZ0079 Tanzania Virulent Present Absent 
TZ0090 Tanzania Avirulent - - 
TZ0098 Tanzania Virulent Present - 
UG0001 Uganda Avirulent Present Present 
UG0005 Uganda Virulent Present - 
UG0006 Uganda Virulent Present Present 
UG0008 Uganda Virulent Absent Absent 
UG0009 Uganda Virulent Present Present 
UG0010 Uganda Virulent Present Absent 
 
Table 2. Primer sets and used for the amplification of the AVRPiz-t gene and the region around 
the AVRPiz-t gene. 
Primer  Sequence (5ʹ -3ʹ) Target region1 TM (oC) 
Expected 
Product size 
Ref. 
A(F) ATGCAGTTCTCAACCATC ORF 60 327   
A(R) CTATTGGCGCTGAGCCT      
2(F) CCATTCGAATTCGGTAAGTC ORF 55 677 Chen et 
al. 2014 2(R) GTGAAAGGTAGTACGAGGCTT   
Bo(F) GTTGCGATTATGATCCGTCG ORF 56 1000 
 Bo(R) CCGGTCGTTTGCTAGAGTAC   
2P(F) TCGATCGTATTGGCTAATTG Promoter 50 1000 Chen et 
al. 2014 2P(R) CAGAACAAATAATTACATCG   
C (F) TCCAGCTGATGTCGAGTCAA Downstream  
ORF 
60 607   
C (R) CAACAACCAGCAGATGCAAT     
1Target region within the AVRPiz-t locus. 
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Table 3. The nucleotide insertion, deletion and substitution identified in the open reading frame sequences of isolates from Africa as 
compared to the sequence of the open reading frame of the control avirulent isolate KJ201. 
Positiona 
 
Haplotype 
2 (AVb) 
Haplotype 3 
(Vc) 
Haplotype 4 
(V) 
Haplotype 
5 (V) 
Haplotype 
6 (V) 
Haplotype 
7 (V) 
Haplotype 
8 (NTd) 
Haplotype 
9 (NT) 
Haplotype 
10 (NT) 
Haplotype 
11 (NT) 
29      G del     
30      G sub     
32      G sub     
34-36      GTT sub     
42         A sub  
44      G sub     
46     C sub      
47      T sub     
48     T sub      
49       A sub    
           
51-52      CG sub     
52         A sub  
54      C sub     
55-57 AG sub          
61    T sub       
62   G sub        
63-64          CA ins 
64      G sub     
64-66   ACC sub        
66          A del 
71   C ins        
72   G sub        
aPosition in the AVRPiz-t ORF sequence; bAV = avirulent on Piz-t containing differential, cV= virulent on Piz-t containing differential; dNT – Not     
tested for reaction on Piz-t containing differential.  
  del = deletion, ins = insertion, sub = substitution. 
 
1
1
2
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Table 3. The nucleotide insertion, deletion and substitution identified in the open reading frame sequences of isolates from Africa as 
compared to the sequence of the open reading frame of the control avirulent isolate KJ201. 
Position Haplotype 
2 (AV) 
Haplotype 
3 (V) 
Haplotype 
4 (V) 
Haplotype 
5 (V) 
Haplotype 
6 (V) 
Haplotype 
7 (V) 
Haplotype 
8 (NT) 
Haplotype 
9 (NT) 
Haplotype 
10 (NT) 
Haplotype 
11 (V) 
75          A ins 
76-80          ATCT sub 
77   G ins        
85  G sub         
105 T sub          
108        T sub   
109         G ins  
           
           
113 A sub          
120 C sub          
133      G sub     
148        C sub   
154 A ins          
157-
158 
AA ins          
189 C sub          
203 A sub          
238 C sub          
267    G ins       
276    G ins       
 
 
1
1
3
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Table 4. Amino acid variation identified in the open reading frame of haplotypes of isolates from 
Africa as compared to the sequence of the open reading frame of the two haplotypes with 
avirulent isolates. 
aPosition Hap1(AV) Hap2(AV) Hap3(V) Hap4(V) Hap5(V) Hap6 (V) Hap7(V) 
Hap11(
V) 
10 C C C C C C S C 
11 L L L L L L C L 
12 F F F F F F V F 
13 T T T T T T P T 
c - - - - - - W - 
15 L L L L L L L L 
16 A A A A A P A A 
17 S S S S S S P S 
18 A A A A A A A A 
19 S K S S S S S S 
21 V V V G V V D V 
22 Q Q Q Q Q Q I N 
23 C C C C C C I A 
24 N N N T N N I I 
25 H H H S H H - I 
26 H H H C H H - I 
27 L L L L L L I F 
28 L L L S L L S  
29 Y Y D C Y Y C Y 
30 N N N T N N T N 
31 G G G M G G M G 
32 R R R A R R A R 
33 H H H D H H D H 
34 W W W T W W T W 
36 T T T A T T A T 
37 I I I P I I P I 
38 R K R R R R G R 
40 K N K R K K K K 
41 A A A R A A R A 
42 G G G V G G V G 
43 W W W G W W G W 
44 A A A P A A P A 
45 V V V L V V V V 
aPosition of the amino acid from the start point of the open reading frame.  
bHap = haplotype; (AV) = Avirulent; V = Virulent. 
CTrypthophan insertion. 
dSerine and phenylalanine insertion. 
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Table 4. Amino acid variation identified in the open reading frame of haplotypes from Africa as 
compared to the sequence of the open reading frame of the two haplotypes with avirulent isolates 
(Cont.). 
aPosition Hap1(AV) Hap2(AV) Hap3(V) Hap4(V) Hap5(V) Hap6(V) Hap7(V) 
Hap 
11(V) 
46 R R R D R R D R 
48 Y Y Y T Y Y T Y 
49 E E E K E E K E 
50 E E E K E E N E 
51 K K K N K K N K 
52 P T P Q P P Q P 
53 G K G G G G G G 
54 Q A Q S Q Q S Q 
55 P A P Q P P Q P 
56 K K K R K K R K 
57 R - R G R R G R 
58 L - L W L L W L 
59 V - V S V V S V 
60 A E A R A A R A 
61 I A I F I I F I 
62 C G C A C C A C 
63 K R K  K K K K 
64 N D N I N N T N 
65 A L A R A A R A 
66 S H S H S S H S 
68 V R V Y V V Y V 
69 H V H T H H T H 
70 C T C T C C A C 
71 N H N T N N T N 
72 Y T Y I Y Y I Y 
73 L L L N L L N L 
74 K Q K A K K - K 
75 C L C P C C - C 
76 T S T A T T A T 
77 N E N P N N P N 
78 L M L I L L I L 
79 A H A W A A W A 
80 A Q A Q A A Q A 
81 G F G Q G G Q G 
82 F G F A F F F F 
83 S T S - S S - S 
84 A R A G A A A A 
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Table 4. Amino acid variation identified in the open reading frame of haplotypes from Africa as 
compared to the sequence of the open reading frame of the two haplotypes with avirulent isolates 
(Cont.). 
aPosition Hap1 (AV) Hap2(AV) Hap3(V) Hap4(V) Hap5(V) Hap6(V) Hap7(V) Hap11 (V) 
85 G L G Q G G Q G 
86 T L T G T T G T 
87 S G S R S S R S 
88 T R T P T T P T 
89 D D D L E D L D 
90 V V V M C V M V 
d - - - F S - S - 
91 L C L S L L S L 
92 S S S P P S P S 
93 S L S S S S P S 
94 G L G A A G A G 
95 T R T P P T P T 
96 V H V L L V L V 
97 G R G A A G A G 
98 S W S R R S R S 
99 I L I L L I L I 
100 G D G - - G - G 
101 N W N M M N M N 
102 D E D T T D T D 
103 P  P L L P L P 
104 Q E Q R R Q R Q 
105 A G A L L A L A 
106 Q S Q S S Q S Q 
107 R A R A A R A R 
108 Q P Q N N Q N Q 
109 - I - X X - X - 
110 - X - - - - - - 
 
 
 117 
 
 
 
Fig. 1. Proportions of isolates per country that were avirulent/virulent on Piz-t containing 
differential rice line.
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Fig. 2. Schematic representation of primer target regions within the AVRPiz-t locus, the blue region represents the 327 base      
pair ORF and the red arrow represents the promoter. 
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Chapter V. Genetic analysis of NERICA for resistance to isolates of Magnaporthe oryzae of 
the U.S.  
Abstract 
“New Rice for Africa” (NERICA) are hybrid rice cultivars developed from initial crosses 
between Oryzae glaberrima and Oryzae sativa followed by backcrossing to O. sativa and 
selection. Our studies have shown NERICA lines to be highly resistant to isolates of 
Magnaporthe oryzae of the U.S. NERICA lines may therefore represent unique sources of 
resistance to isolates of M. oryzae from the U.S. However, blast resistance genes contained in 
NERICA lines have not been characterized. In order to initially evaluate the resistance genes 
present in NERICA, a mapping population was generated from crosses of four different 
NERICA lines (NERICA 2, NERICA 5, NERICA 12 and NERICA 15) with two different U.S. 
blast susceptible cultivars, M204 and Francis. The F1 seed were evaluated to confirm that they 
were true hybrids using simple sequence repeat (SSR) markers. Selfing of F1 plants was then 
performed to obtain F2 progeny. In this study, F2 progeny from the cross of M204 x NERICA 12 
were selected for further study for the genetic analysis of NERICA for resistance to blast isolates 
from the U.S. Three hundred F2 plants of the cross of M204 x NERICA 12 were tested for 
reactions to the U.S. isolate 49D,  that was virulent on the susceptible parent, M204 but avirulent 
on NERICA 12. Analysis of NERICA 12 for the presence of six blast resistance (R) genes (Piz, 
Piz-t, Pi9, Pib, Pi5(t), and Pita 2) also was performed by use of polymerase chain reactions 
(PCR) tests. The F2 progenies segregated in the ratio of 11:1 (resistance/susceptible). Two 
known resistance genes, Pib and Pita 2, were found in NERICA 12 based on the PCR markers. 
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These two R genes have been shown to be effective to over 87% of reference, archived and 
contemporary isolates of the U.S. Further tests need to be done to determine whether additional 
R genes are contained in NERICA 12. 
Introduction 
Breeding for resistance to rice blast is highly desirable since the use of resistant cultivars 
is the most economical and effective method to control blast. However, due to the frequent 
emergence of new races of the pathogen, blast resistance can rapidly be overcome. Efforts 
towards identifying new sources of resistance to blast are therefore important.  
“New Rice for Africa” lines are hybrid rice crosses between Oryza sativa and Oryza 
glaberrima that have been bred to introduce the best attributes of O. glabberima (high tolerance 
to biotic and abiotic stresses) into O. sativa targeted for the African rice production ecologies 
(Tondi and Yuging 2011). Our studies have shown NERICA lines to be highly resistant to blast 
isolates from both the U.S. and Africa (Chapter 2 and 3). However no studies have been 
undertaken to determine what resistance genes are responsible for the blast resistance in 
NERICA lines.  
Resistance to rice blast is controlled by major R genes which act to prevent infection by 
specific races of the blast pathogen. However, some of the R genes can confer resistance to a 
broad range of the pathogen races (Fjellstrom et al. 2004) making the identification of the 
sources of resistance in a genotype using pathogenicity screening difficult. Molecular markers 
can therefore be used efficiently to identify genes hence confirm the results from pathogenicity 
testing, using differential cultivars with known resistance genes. 
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The objective of this study was to initiate efforts towards understanding the resistance 
genes could be responsible for blast resistance of NERICA lines to U.S. isolates of M. oryzae.  
Materials and Methods 
Development of the mapping population. Parental genotypes for developing the 
mapping population comprised of four NERICA lines (NERICA 2, NERICA 5, NERICA 12 and 
NERICA 15) and two U.S. blast susceptible rice cultivars M204 and Francis. Parental genotypes 
were grown in plastic pots and maintained in a greenhouse. At flowering, reciprocal crosses were 
performed between susceptible rice cultivars M204 or Francis with each of the four NERICA 
lines. At flowering female plants were emasculated by cutting off the spikelets at 45 degree angle 
using a pair of scissors then the anthers carefully removed by applying suction using a vacuum 
pump connected to a wide mouth tip pipette. To prevent inadvertent pollination emasculated 
female flowers were covered with glycine bags. Emasculations of the female flowers were done 
one day prior to the anticipated day of crossing. Anticipated day of crossing was dependent on 
the maturity of flowers of the male parents. On the day of crossing, flowers of the male parents 
that were extruding two to three inches out of the booth and not yet flowering were chosen. The 
male flowers were carefully detached from the main plant by cutting stems 5 cm above the flag 
leaf then the stems were stood in a container of water. The detached male flowers were then 
transferred to a special room within the greenhouse for performing crossing. The room was 
maintained at a temperature of 33oC and relative humidity of about 85% to enhance flowering. 
Ten stems of the male flowers would be sufficient for crossing one female plant. Male flowers 
were then constantly observed for flowering and once flowering had occurred, pollen was gently 
dusted over the emasculated female flowers before covering the pollinated flowers with glycine 
bags again. The plants were then returned to the main greenhouse to allow for seed to develop 
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until maturity. The F1 cross of M204 x NERICA 12 was chosen for subsequent studies, 
confirmed if they were true hybrids before five seedlings being individually advanced to the F2 
generation. To advance plants to F2, individual F1 seed were planted in a pot, and at maturity 
seeds from each individual F2 plant were individually harvested and bulked separately.  
DNA extraction. Extraction of DNA was done separately from five F1 plants and the 
parents (M204 and NERICA 12). Leaves from four weeks old plants were harvested,  lyophilized 
and DNA extracted from the leaves using a modified hexadecyltrimethyl-ammonium bromide 
(CTAB) method (Doyle and Doyle 1987). Briefly, 0.1 g of the lyophilized leaf tissues was 
ground to a fine powder in liquid nitrogen. The ground tissue was then suspended in 500 µl of 
CTAB extraction buffer before an equal volume of phenol: chloroform: isoamyl alcohol 
(25:24:1) being added. The mixture was then centrifuged at 16,160 xg for 8 -10 min before the 
top aqueous portion being transferred while taking care not to suck up any of the middle phases. 
The aqueous phase was then transferred into a new 1.5 ml tube. This phase would be 
approximately 350 μl. To this solution, 28 µl of cold 7.5 M ammonium acetate and 204 μl of 
cold isopropanol were added. This mixture was well mixed by gentle inversion of tubes several 
times before transferring into a freezer for 45- 60 min after which the mixture was centrifuged at 
16,160 xg for 3 min. The liquid was then pipetted off while taking care not to lose the pellet.  To 
the pellet, 700 μl of cold 70% ethanol was added and inverted once to mix followed by 
centrifugation at 16,160 xg for 1 min. The liquid was then pipetted off before adding 700 μl of 
cold 95% ethanol and inverting once to mix and centrifuged for 1 min at 16,160 xg. The liquid 
was next pipetted off without losing the pellet. The pellet was then air dried for 10 min followed 
by re-suspension in 30 µl of TE buffer. Quantification of the DNA was done using Nanodrop 
 123 
 
ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) and diluted to a 
concentration of 25 ng µl-1using TE buffer. 
Confirming F1 progeny for true hybridity. PCR reactions were performed on the F1 
and the parents using five SRR markers (RM5, RM224, RM228, RM232 and RM5) (McCouch 
et al. 2002). PCR composition were prepared in volumes of 25 µl: 2.5 µl of 10 x buffer; 2.0 µl of 
25 mM MgCl2; 2.5 µl of 2mM dNTPs; 0.5 µl of 10 nM forward and reverse primer respectively: 
0.2 µl of 5 units µl-1 Taq DNA polymerase; 16.5 µl of H2O; 2.0 µl of DNA. The PCR reactions 
were carried out using a Masterycler® ep (Eppendorf, Hamburg, Germany) following the 
program: initial denaturation at 95oC for 5 min, 35 cycles of denaturation for 1 min at 94oC, 
annealing for 1 min at 55oC, extension for 1 minute at 72oC and a final extension for 7 minutes at 
72oC followed by cooling to 4oC. Each PCR product was mixed with 5 µl of SYBR safe DNA 
GelRed stain (Invitrogen, Eugene, Oregon, USA) before loading into a 2% agarose gel in 0.5x 
Tris –acetate –EDTA (TAE) for separation. The gel was then allowed to run at 75 V for 
approximately 3 hours then visualized under UV light before being photographed using GelDoc-
It® imager. Each of the PCR tests was repeated once to validate results. To confirm true hybridity 
of F1 progenies, polymorphic markers co-segregating with the two parents were identified and 
F1s possessing the two banding patterns seen in the parents were identified as true hybrids. 
Genetic analysis of NERICA for blast resistance. DNA previously extracted from 
NERICA 12 was tested for the presence of the R genes Pib, Pi9, Piz-t, Pita2, Piz, and Pi5(t)  
with PCR using gene specific primers (Hayashi et al. 2006). All the PCR tests were carried out 
as earlier described. Each of the PCR test was also repeated once to validate results. 
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Phenotyping of F2 progeny. Three hundred seed of the F2 progeny of the cross of M204 
x NERICA 12 were planted individually in a cell tray (a single seed per cell). Also planted were 
ten seed each of the susceptible female parent M204 and the resistant male parent NERICA 12. 
Each cell tray contained a total of 100 plants. The plants were grown for three weeks before 
standard greenhouse pathogenicity assays as earlier described (Chapters II and III) were 
performed using the U.S. isolate 49D of M. oryzae that had been previously identified (Chapter 
II) to be virulent on the cultivar M204 but avirulent on NERICA 12. The pathogenicity assay 
was repeated once using another set of 300 plants from the same F2 plant. Ten plants each of the 
two parents M204 and NERICA 12, were also included in the pathogenicity assay as earlier 
described. 
Results 
A total of eight different F1 population were successfully generated (Table 1). The total 
number of seeds obtained per F1 cross ranged from four to twenty seven. Based on the number of 
seed obtained in the F1, M204 was a better female parent as compared to Francis and the four 
NERICA lines (Table 1).  Among the NERICA lines crosses of NERICA 12 were more 
successful than crosses of NERICA 2, NERICA 5 and NERICA 15 (Table 1).  
The SSR marker RM224 was polymorphic to M204 and NERICA 12 and hence was 
useful in the confirmation of the hybrid of the F1 cross of M204 x NERICA 12. 
In the pathogenicity test one, 19 plants out of the 300 plants were susceptible and in the 
second test, 25 out of the 300 plants tested were susceptible giving an overall segregation ratio of 
the F2 plants of 11:1 (resistant/susceptible) from the inoculation with the U.S. isolate 49D. Chi 
square test for goodness of fit was significant (p< 0.05) for the segregation ratio 15:1 (resistant: 
 125 
 
susceptible) which suggests that resistance in NERICA 12 could be due to two dominant blast R 
genes (Table 3). The results from PCR tests revealed that NERICA 12 contained the R genes Pib 
and Pita2. Our previous studies (Chapter II) showed that the R gene Pita 2 was resistant to 
isolate 49D whereas Pib was susceptible to isolate 49D.  
Discussion 
The high level of blast resistance of NERICA 12 to the U.S. isolate 49D was confirmed 
in the reactions of the F2 progeny of the cross of M204 x NERICA 12. However, our study was 
not conclusive enough to be used to report on what resistance genes are responsible for the 
resistance of NERICA 12. 
The sources of the two R genes Pib and Pita2 found in NERICA 12 are unknown. 
Documented sources of the R gene Pib that was also used in the development of the IRRI 
differential on LTH background were the rice cultivars BL1 and IRAT13 (Fukuta et al. 2009). 
Pita2 is reported to have four sources: rice cultivars Pi No. 4, Reiho, Fujisaka 5 and IR64 
(Fukuta et al. 2004). None of the rice cultivars mentioned to contained Pib and Pita2 were used 
in the development of NERICA 12. It should be pointed out that this study was not exhaustive in 
exploring on what R genes could be contained in NERICA 12. Future studies should focus on the 
further analysis of resistance genes that are contained in NERICA 12 including other NERICA 
lines. It is possible that NERICA lines could be containing novel resistance genes inherited from 
the O. glaberrima parent that has not been widely studied. 
Based on the results of our earlier studies (Chapter II), the R gene Pib may not have 
contributed to the resistance of NERICA 12. The isolate (49D) that was used in this study was 
virulent on Pib but avirulent on Pita2 as earlier observed (Chapter II).  
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Table 1.The eight F1 crosses of the cultivars  
M204, Francis and NERICA lines 
Female  Male  Seed number
a 
M204  NERICA 2 27 
M204  NERICA 12 23 
M204  NERICA 15 16 
NERICA 5 M204 6 
NERICA 5 Francis 4 
NERICA 12 Francis 5 
NERICA 12 M204 4 
Francis   NERICA 2 20 
anumber of seed per cross  
 
 
Table 2. The five F2 progenies of the cross of 
M204 x NERICA 12  
Progeny  Seed numbera 
1 611 
2 992 
3 959 
4 828 
5 448 
aNumber of seed per progeny 
 
Table 3. Chi square test for goodness  
of fit to the 15:1 (resistant: susceptible)  
segregation ratio of  F2 progeny 
Test Resistant Susceptible 
1 289 11 
2 275 25 
Expected  275 25 
χ² =0.13*; degrees of freedom = 1; *p< 0.05 
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Overall conclusion 
Isolates from Africa and the U.S. grouped into one to four clonal lineages within each 
country based on VCG analysis. Isolates of the U.S. were in three VCGs with two VCGs 
predominating, US-01 and US-04, whereas isolates from Africa were assigned to one of four 
VCGs that were unique to each country.  
IRRI differentials were valuable in the characterization of isolates from the U.S and 
Africa. The putative susceptible backcrossing parents used for the IRRI differentials, CO39 and 
LTH, were resistant to some isolates. From this study, it can be concluded that the cultivar Jumli 
dhan could be a better susceptible check compared to C039 and LTH and would be valuable as a 
backcrossing parent to develop near isogenic differentials in the U.S. 
Based on the pathotyping data on the U.S. isolates using IRRI differentials; we could 
conclude that the virulence groups of isolates of M. oryzae of the U.S. may not have changed in 
the recent years. To wholly understand the pathotype diversity of the U.S. blast isolates, more 
isolates need to be pathotyped using these new sets of differentials from IRRI.  
 Effective blast control in the U.S. could be achieved by pyramiding the two most 
effective R genes, Pi9 and Pi11 into rice cultivars. The virulence spectrum of isolates from 
Africa varied widely across countries. As was for U.S. isolates, Pi9 was among the most 
effective R gene against isolates of M. oryzae from Africa. Thus, the proposed R gene 
deployment strategy (Pi9 and Piz-5 for Eastern Africa and Pita2, Pik-s, and Pik-m for Western 
Africa) should improve overall resistance to the rice blast pathogen in those geographical 
locations. 
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Variation in nucleotides of the ORF of AVRPiz-t in virulent isolates could be the cause 
for isolates to lose avirulence. However, more work on the variation associated with 
functionality of AVRPiz-t in African isolates of M. oryzae need to be done to help in the 
prediction of the effectiveness of Piz-t.  
NERICA are potential new sources of resistance for blast control in the U.S. More studies 
need to be carried out to fully understand the R genes that are responsible for the high blast 
resistance of NERICA.  
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Appendix 
ANOVA tables 
ANOVA: Virulence of isolates in two VCGs (US-01 and US-04) against the seven commercial 
cultivars and susceptible control cultivar Jumli dhan 
Source DF Sum of Squares F Ratio Prob > F   
Rep 2 4.9625 0.8039 0.4482   
VCG 1 174.0021 56.3736 <.0001   
Cultivar 7 1010.731 46.7799 <.0001   
VCG*Cultivar 7 470.8812 21.7939 <.0001   
Error 462 1426.004     
C. Total 479 3086.581     
 
ANOVA: Virulence of isolates of VCG US-01 against the seven commercial cultivars and 
susceptible control cultivar Jumli dhan 
Source DF Sum of Squares F Ratio Prob > F 
Rep 2 2.75833 4.6126 0.0113 
Isolate 9 95.62083 35.5338 <.0001 
Cultivar 7 518.6292 247.794 <.0001 
Isolate*Cultivar 63 136.7458 7.2595 <.0001 
Error 158 47.24167   
C. Total 239 800.9958   
     
ANOVA: Virulence of isolates of VCG US-04 against the seven commercial cultivars and 
susceptible control cultivar Jumli dhan 
Source DF Sum of Squares F Ratio Prob > F 
Rep 2 3.35833 7.514 0.0008 
Isolate 9 645.4167 320.9058 <.0001 
Cultivar 7 962.9833 615.6028 <.0001 
Isolate*Cultivar 63 464.5167 32.9944 <.0001 
Error 158 35.3083   
C. Total 238 2111.583   
     
ANOVA: Multiple R gene effects from IRRI differential against 45 U.S. isolates 
Source DF Sum of Squares F Ratio Prob > F 
Rep 2 10.875 10.4396 <.0001 
Isolate 44 4071.248 236.8649 <.0001 
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Genotype 35 8817.588 483.6918 <.0001 
Isolate*Genotype 1155 10533.54 17.5097 <.0001 
     
ANOVA: Reactions of African isolates on genotypes with unknown R genes 
Source DF Sum of Squares F Ratio Prob > F 
Region 1 10.3764 2.5224 0.1125 
Rice Genotype 12 2631.2678 53.3037 <.0001 
Error 1374 5652.1443   
C. Total 1387 8296.585   
     
ANOVA: Virulence of African isolates across VCGs 
 
Source DF Sum of Squares F Ratio Prob > F 
VCG 13 2791.0495 39.1347 <.0001 
Error 2691 14763.037   
C. Total 2704 17554.0865   
 
 
 
 
 
